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Nodals, the secreted signaling factors of the transforming growth factor β 
(TGF-β) family, are essential in vertebrate development. They function as 
morphogens during mesendoderm induction and embryonic axis formation. 
Until now, analyses utilizing methods in genetics, embryology and molecular 
biology have revealed several important aspects of the molecular basis in 
Nodal signaling. Despite all the progress, a quantitative or biophysical 
understanding of Nodal protein behavior is still largely elusive. This study 
focuses on two Zebrafish Nodals, Squint (Sqt) and Cyclops (Cyc), which have 
overlapping functions during mesendoderm induction, but differ in their 
signaling activities. Using fluorescence correlation spectroscopy (FCS) and 
fluorescence cross-correlation spectroscopy (FCCS), the gradient and the in 
vivo diffusion of Nodal proteins, as well as the interactions of the pathway 
components were determined in living zebrafish embryos. The findings 
revealed the behaviors of Nodal signals at protein level and shed light on the 
mechanism of how Nodals pattern the developing tissue. 
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Chapter 1  Introduction  
 
Vertebrate embryonic patterning needs several inductive signals. In 
general, these signals are produced locally within the embryo and then 
influence the overlapping and neighboring cells through intercellular 
signaling. During the process of patterning, differential signal activities in 
different regions of the embryo lead to the activation of different combinations 
of regulatory genes. Consequently, cells acquire different fates according to 
their position.  
Early embryonic patterning is a fundamental process to the subsequent 
events including cell differentiation, organ and tissue formation. In the past 
few decades, several groups of inductive signals with essential roles in 
embryonic patterning in vertebrates have been identified, including members 
of bone morphogenetic protein (BMP), Nodal, fibroblast growth factor (Fgf), 
and canonical and noncanonical Wnt families (Perrimon, Pitsouli, and Shilo 
2012). 
Nodals, the secreted signaling factors of the transforming growth factor β 
(TGF-β) family, are known to be the mesoderm and endoderm inducers and 
play essential roles in patterning the nervous system and specification of the 
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left-right axis in vertebrates.  During embryonic pattering, Nodal signals can 
function as morphogens which provide spatial information by forming a 
concentration gradient (Schier 2009). Until now, analyses utilizing methods in 
genetics, embryology and molecular biology have revealed several important 
aspects of the molecular basis in Nodal signaling regulation. Despite all the 
progress, a quantitative or biophysical understanding of Nodal protein 
behavior is still lacking. The mechanisms regulating their activities and 
signaling ranges remain largely elusive. Information on the shape of the Nodal 
gradient, in vivo diffusion, binding and reaction kinetics of the pathway 
components could greatly help shed light on the mechanisms underlying the 
signaling regulation. To reveal such information, techniques with great 
sensitivity and ability to determine molecule dynamics in vivo are needed. 
Since conventional biochemistry methods are inadequate in providing 
quantitative and physiological relevant data for this study, fluorescence-based 
biophysical methods have been adopted. 
In this study, fluorescence techniques especially fluorescence correlation 
spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) 
were used to explore the mechanisms by which Nodal factors function in 
living zebrafish embryos. As a model species, zebrafish is widely used in the 
studies of vertebrate development and genetics. The optical transparency of its 
early embryos allows direct observation of cell behaviors during development, 
and especially facilitates applications of fluorescence techniques. In zebrafish, 
there are three Nodal proteins: Cyclops (Cyc), Squint (Sqt) and Southpaw 
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(Spaw). This study focuses on Cyc and Sqt, which have overlapping functions 
during mesendoderm induction, but differ in their signaling activities. Spaw, 
which regulates left-right asymmetry of the visceral organs during 
somitogenesis, is beyond the scope of this work.  
To be more specific, the aims of this study were to: 
• examine the applicability of FCS and FCCS methods by a Sqt 
dimerization study in the early developmental state of zebrafish 
embryo, 
• determine the mobility of Nodal proteins by FCS in the extracellular 
space of early zebrafish embryo to reveal the possible spreading 
mechanism,  
• quantify the binding affinities of pathway components, especially the 
ligand-receptor interactions of Sqt and Cyc by FCCS to elucidate how 
differential activities of these related factors can be distinguished in the 
responding cells to generate diversity in cell fates,  
• directly observe the concentration gradients at protein level by 
injecting mRNA encoding the fluorescence protein (FP) tagged Nodal 
and study how stability can affect the protein distribution by mutations. 
Since fluorescence proteins (FPs) were used to genetically label the 
proteins of interest, activity studies applying in situ hybridization were also 
performed to confirm that the labeling did not affect protein behavior. The 
findings related to the specific aims mentioned above might reveal Nodal 
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factor behavior at protein level and shed light on the mechanism of how 
Nodals pattern the developing tissue. Furthermore, since Nodal has been 
proved to be a strong candidate that could be functionally involved in 
cardiovascular malformations and situs defects, important mutants were 
examined to show how changes in protein distribution of those mutants could 
affect vertebrate development. 
 
1.1 Introduction of Nodal  
In this section, the key components in the Nodal signaling pathway (1.1.1), 
the in vivo roles of Nodal signals (1.1.2) and their properties as morphogens 
(1.1.3) are discussed. 
 
1.1.1 Nodal Signaling Pathway 
Nodal signals use a mechanism similar to that of other members of the 
TGF-β superfamily to initiate signal transduction. In brief, a dimer of Nodal 
ligands binds to type I and type II transmembrane serine/threonine receptors. 
Together with the epidermal growth factor-Cripto-FRL1-Cryptic (EGF-CFC) 
co-receptor, the ligand-receptor complex leads to phosphorylation and nuclear 
accumulation of the downstream effectors Smad2 and/or Smad3 in a complex 
with Smad4. The activated Smad complex interacts with additional 
transcriptional factors to regulate target gene expression (Shen 2007). Several 
extracellular proteins, including convertase and inhibitors, regulate this core 
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pathway. In addition, intracellular molecules such as transcriptional cofactors, 




Figure 1.1 Schematic outline of the Nodal signaling pathway (Shen 2007). 
 
1.1.1.1 Nodal Ligands 
Nodals were initially known to be present in chordates, and later were 
found in deuterostomes (e.g. sea urchin) and in the protostome group of 
Lophotrochozoa (e.g. snails) (Chea, Wright, and Swalla 2005; Duboc et al. 
2009; Grande and Patel 2009). Among vertebrate species, the number of 
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Nodal ligands varies. Although a single Nodal ligand is found in human, 
mouse and chick, there are multiple Nodal ligands in frogs (Xnr1-6) and 
zebrafish (Cyc, Sqt and Spaw) (Schier 2003). It seems that the roles played by 
the single Nodal in human, mouse and chick are apportioned among several 
Nodals of frog and fish.  
Like most TGF-β members, Nodal ligands are synthesized as large 
precursor proteins with a signal sequence, a prodomain and a mature domain 
(Massagué 1990). The proproteins undergo dimerization, which is facilitated 
by an intermolecular disulfide bond. Convertases cleave the proproteins at R-
X-(K/R/X)-R consensus sequences and release the active mature ligands 
(Fig.1.1A).  
For most TGF-β ligands, the cleavage of proprotein is thought to occur 
intracellularly in the trans-Golgi network. Following cleavage, the dimeric 
prodomains often remain non-covalently associated with the mature dimer. 
Together with the latent TGF-β binding proteins (LTBPs), a latent protein 
complex is formed maintaining the mature ligand in a biologically inactive 
state, and an activation step is therefore required to release the mature ligand 
from this latent complex.  
In the case of Nodal, however, the removal of prodomain can occur 
extracellularly. Studies in mouse have shown that the Nodal proprotein can be 
secreted and processed extracellularly by Furin and Pace4 (also known as 
Spc1 and Spc4) (Beck et al. 2002). It is currently unknown whether Nodal 
ligands exist in a latent complex or are regulated in a similar fashion. 
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Moreover, although processing is believed to be essential for the activation of 
the TGF-β signaling pathway, mutant Xnr2 and Nodal proproteins that cannot 
be cleaved can retain activity in vivo (Eimon and Harland 2002; Ben-Haim et 
al. 2006).  
Finally, Nodal ligands signal through Activin receptors and Smads 
transducers. Interestingly, studies have shown that additional TGF-β ligands 
can act through the same pathway and generate Nodal-like responses in vivo. 
One example is the mouse growth differentiation factor (Gdf). Null mutants 
for Gdf3 had phenotypes resembling those of mutants of Nodal pathway 
components (Chen et al. 2005), and double-mutant analyses have revealed 
partially overlapping activities of Gdf1 and Nodal (Andersson et al. 2006). In 
addition, it has been suggested that Gdf1, Gdf3, as well as their counterparts 
Vg1 in frog and zebrafish, can activate the Nodal pathway via Activin receptor 
and EGF-CFC co- receptors (Thomsen and Melton 1993; Cheng et al. 2002).  
Indeed, in mouse, Gdf1 can heterodimerize with Nodal to generate a more 
active ligand with longer action range than the corresponding homodimers 
(Tanaka et al. 2007). Furthermore, other TGF-β members, such as Bmp4 and 
Derrière, can also form heterodimers with Nodal resulting in reduced or 
distinct activities (Yeo and Whitman 2001; Eimon and Harland 2002). All 
those findings increase the complexity of Nodal signaling. 
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1.1.1.2 Extracellular Antagonists 
The extracellular antagonists of Nodal signaling pathway are known as 
Leftys and Cerberus (Fig.1.1C).  
Leftys are highly diverged members of the TGF-β superfamily. Unlike 
other TGF-β members, Leftys lack the seventh cysteine residue known to be 
involved in the dimerization, suggesting that these proteins may act as 
monomers or non-covalent dimers. Lefty genes were initially isolated in mouse 
(Meno et al. 1996; Meno et al. 1998). Several lines of evidence have clearly 
demonstrated that Lefty proteins act as inhibitors of Nodal signaling. For 
example, in zebrafish, overexpression of Lefty produced a phenotype that was 
similar to Nodal deficient embryos (Bisgrove, Essner, and Yost 1999; Thisse 
and Thisse 1999). The effects of Lefty overexpression can be suppressed by 
co-expression of Cyc and Sqt (Meno et al. 1999). Conversely, loss of Lefty 
function upregulated Nodal signaling during mesendoderm induction 
(Agathon, Thisse, and Thisse 2001; Chen and Schier 2002; Feldman et al. 
2002). Further studies revealed that Leftys antagonized Nodal signaling 
through their interactions with EGF-CFC co-receptor as well as Nodal itself, 
thereby blocking the formation of ligand-receptor complex (Chen and Shen 
2004; Cheng et al. 2004). In contrast, Lefty proteins have not been found to 
interact with Activin receptors. Moreover, it should be noted that Lefty genes 
are downstream targets of Nodal signaling, which forms an important 
negative-feedback mechanism for the Nodal pathway (Meno et al. 1999; 
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Branford and Yost 2002; Feldman et al. 2002). 
Members of the Cerberus family are cysteine-rich extracellular proteins 
that can block Nodal signaling by direct interactions with Nodal ligands 
(Piccolo et al. 1999; Perea-Gomez et al. 2002; Marques et al. 2004). Cerberus 
can be induced by Nodal signaling as well, but unlike Leftys, its expression 
does not closely reflect Nodal signaling activity, and it can act as potent 
inhibitors not only of Nodals, but also of Wnts and BMPs (Silva et al. 2003).  
 
1.1.1.3 Receptors 
TGF-β members require two different serine/threonine kinase receptors to 
signal, the type I and type II receptors (Wu and Hill 2009). Both types have an 
N-terminal cysteine-rich extracellular ligand binding domain, a 
transmembrane region and a C-terminal serine/threonine kinase domain. The 
type I receptor contains a juxtamembrane domain that is rich in glycines and 
serines (GS domain). The type II receptor is a constitutively active kinase. It 
can phosphorylate the GS domain of the type I receptor, thus activating the 
type I serine/threonine kinase and downstream targets of the type I receptor, 
which finally transduce the signal to the nucleus. Both type I and type II 
receptors exist as homodimers at the cell surface in the absence of ligands, yet 
have an intrinsic heteromeric affinity for each other (Chen et al. 1995).  
In TGF-β members, there are two modes of ligand-receptor interactions. 
One, exemplified by BMP subfamily, exhibits a high affinity for the type I 
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receptor and a low affinity for the type II receptor (Kirsch, Sebald, and Dreyer 
2000). In contrast to BMPs, TGFβs, Activin and Nodals display a high affinity 
for the type II receptor, but do not interact with the isolated type I receptor 
(Massagué 1998). The binding of ligands to the type II receptors allows the 
subsequent incorporation of the type I receptors, forming a large ligand-
receptor complex involving a ligand dimer and four receptor molecules. In the 
case of Nodals, co-receptors are recruited as well. The assembly, therefore, 
induces a conformational change in the intracellular domains of both types of 
the receptors resulting in the phosphorylation and activation of the type I 
receptor by the type II receptor. 
In Nodal signaling, biochemical and genetic studies in mice, fish, and 
frogs have suggested that Nodal ligands utilize type I ActRIB (ALK4) 
receptor and type II ActRIIA and ActRIIB receptors (Armes and Smith 1997; 
Oh and Li 1997; Chang et al. 1997; Reissmann et al. 2001; Yeo and Whitman 
2001; Yan et al. 2002) to signal (Fig.1.1B). Additional type I receptors such as 
TARAM-A in zebrafish and ALK7 in mouse and frog, have also been 
identified as they are expressed in the prospective mesendoderm and can 
mimic the action of Nodal ligands (Renucci, Lemarchandel, and Rosa 1996; 
Reissmann et al. 2001; Aoki et al. 2002). However, further biochemical and 
genetic studies are needed to clearly establish the roles for TARAM-A and 
ALK7 in Nodal signaling.  
Finally, recent studies highlighted the importance of receptor trafficking 
and stability in regulating the strength and duration of Nodal signaling (Jullien 
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and Gurdon 2005). Several regulators have been found. For example, the Ras 
GTPase Rap2 can direct internalized Activin receptors into a recycling 
pathway and delay the degradation of ligand-receptor complexes, thereby up-
regulating the signaling (Choi et al. 2008). In contrast, Dapper2 (Dpr2), which 
is localized in late endosomes, can bind to the type I receptors, and accelerate 
their lysosomal degradation (Zhang et al. 2004). In addition, subunits of the 
PP2A phosphatase influence Activin receptor levels and signaling as well 
(Batut et al. 2008).  
 
1.1.1.4 Co-receptors 
The EGF-CFC protein is extracellular glycophosphatidylinositol (GPI) 
linked factor which contains a signal sequence, a characteristic EGF-like 
domain, a cysteine-rich region called the CFC domain, and a hydrophobic C 
terminus (Salomon, Bianco, and De Santis 1999). The EGF-CFC factors have 
been characterized in mouse (Cripto and Cryptic), human (hCripto and 
hCryptic), chick (Cripto), frog (FRL-1) and zebrafish (One-eyed pinhead) 
(Dono et al. 1993; Shen, Wang, and Leder 1997; Ding et al. 1998; Bamford, 
Roessler, and Burdine 2000; Colas and Schoenwolf 2000; Bianco et al. 2002; 
Yan et al. 2002).  
It has been widely accepted that EGF-CFC proteins function as co-
receptors, facilitating ligand-receptor complex formation in Nodal signaling. 
For instance, zebrafish embryos lacking both maternal and zygotic one-eyed 
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pinhead (oep) activity phenocopied double mutants for the Nodal ligands Cyc 
and Sqt, whereas the expression of Activin, but not Nodal, can rescue the oep 
phenotype (Gritsman et al. 1999). In mouse, Cripto, like Nodal, is necessary 
for cell movements that establish anterior-posterior pattern (Ding et al. 1998). 
Until now, biochemical analyses have revealed certain mechanisms on 
how EGF-CFC proteins mediate Nodal binding. Such studies have shown that 
Nodal proteins can physically associate with ALK4 and the type II receptors 
when these receptors bind to the CFC domain of the mouse EGF-CFC protein 
Cripto (Reissmann et al. 2001; Yeo and Whitman 2001). It seems that Cripto 
can bind to ALK4 even in the absence of Nodals. Without Cripto, Nodals 
cannot form complexes with Activin receptors. Therefore, it is possible that 
the co-receptor might change the confirmation of ALK4 to allow its 
interaction with Nodal. Another possibility is that EGF-CFC protein might 
provide an additional interaction surface for Nodal or change the conformation 
of Nodal to allow binding. In accord with this assumption, experiments have 
proved that Nodal can directly bind to the EGF-like domain of Cripto 
(Sakuma et al. 2002). Moreover, recent tissue culture studies have shown that 
Cripto also binds the proprotein convertases Furin and Pace4, thus localizing 
Nodal processing at the cell surface, and facilitates Nodal translocation to 
early endosomes (Blanchet et al. 2008a; Blanchet et al. 2008b). 
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1.1.1.5 Signaling Transducers 
In TGF-β signaling, Smad proteins are known to be the signaling 
transducers, mediating signals from receptors at cell surface to target genes in 
the nucleus. In Nodal pathway, Smad2 and Smad3 have been strongly 
implicated as major transducers. Upon ligand stimulation, activated type I 
receptor directly phosphorylates Smad2 and/or Smad3 at two serines in an S-
M/V-S motif at their MH2 domain (Fig1.1D) (Kumar 2000). The 
phosphorylated Smads then form both homomeric and heteromeric complexes 
with the common mediator Smad4 and translocate to the nucleus. In the 
nucleus, the Smad complexes can directly or indirectly bind to specific DNA 
sequences, and in association with other transcription factors, activate target 
genes. In accordance, knocking out Smad2 in mice or interference with 
Smad2/3 in zebrafish blocked mesendoderm development (Nomura and Li 
1998; Weinstein et al. 1998; Jia et al. 2008). However, the phenotype of 
Smad4 mutants in mouse was significantly less severe than that of Nodal or 
Smad2/3 mutants, suggesting that other proteins may provide a common 
mediator function in early mouse development (Chu et al. 2004). 
 
1.1.1.6 DNA-Binding Partners 
Smads can cooperate with a remarkable diversity of DNA sequence-
binding transcription factors (Feng and Derynck 2005). The regulation of the 
activities of those interacting transcription factors by other signaling pathways 
 14 
further defines the cooperation. This versatility thus explains the complexity 
and cell context dependence of the transcription programs exerted by TGF-β 
ligands, as well as why no consensus TGF-β ligand response sequences can be 
defined. 
In Nodal signaling, transcription factors such as FoxH1 and Mixer can 
form complexes with Smad proteins and contribute to the specific recognition 
and regulation of subsets of Nodal target genes (Chen, Rubock, and Whitman 
1996; Germain et al. 2000; Hoodless et al. 2001; Yamamoto et al. 2001; Hart 
et al. 2002; Cordenonsi et al. 2003; Takebayashi-Suzuki, Funami, and 
Tokumori 2003) (Fig1.1E). Analysis of Nodal-regulated proteins reveals that 
FoxH1 and Mixer have both distinct and overlapping regulatory roles 
(Kunwar 2003). Loss of FoxH1 or Mixer led to distinct phenotypes in 
zebrafish (Kikuchi et al. 2000; Pogoda et al. 2000; Sirotkin et al. 2000). 
However, complete loss of Nodal signaling resulted in a more severe 
phenotype than loss of both FoxH1 and Mixer, indicating that additional 
Smad-associated transcription factors involved in Nodal responses remain to 
be identified. 
 
1.1.1.7 Target Genes 
A large amount of Nodal target genes have been identified (Dickmeis et al. 
2001; Bennett et al. 2007; Guzman-Ayala et al. 2009). Genomic analyses in 
zebrafish reveal that those target genes encode signaling molecules, 
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transcription factors, and proteins involved in metabolism and cytoskeletal 
regulation. Except for Nodal itself, the feedback inhibitor Lefty and the 
transcription factor pitx2, no downstream genes have been found that are 
shared between Nodal signaling in mesendoderm induction and left-right 
specification in all vertebrates (Schier 2009). This suggests that although the 
core Nodal signaling pathway has been conserved, the downstream targets are 
divergent between different tissues and depend on cell context. 
 
1.1.2 Functions of Nodal Signaling 
Until now, many biological activities in early embryogenesis have been 
shown to be associated with Nodal pathway. The roles of Nodal signaling in 
mesoderm and endoderm induction, neural patterning and lefty-right 
specification appear to be well-conserved in vertebrates. Moreover, Nodal 
signaling activity has been shown to be important for maintaining embryonic 
stem cell pluripotency, and misregulated Nodal signaling has been found in 
tumor metastases 
 
1.1.2.1 Mesendoderm Induction 
The three germ layers, known as ectoderm, mesoderm, and endoderm, are 
formed during gastrulation and eventually give rise to vertebrate organs. 
Genetic studies have suggested that Nodal signals are central to the induction 
and patterning of mesoderm and endoderm. For example, in the absence of 
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Nodal signaling, mouse embryos fail to form an elongated primitive streak, 
and zebrafish embryos lack all endoderm and head and trunk mesoderm, 
including notochord, heart, kidney, blood, liver, pancreas, and gut (Conlon, 
Barth, and Robertson 1991; Conlon et al. 1994; Feldman et al. 1998).  
 
      
Figure 1.2 Models of regulatory pathways for mesoderm induction (Shen 
2007). 
 
In vertebrate, Nodal signaling is active during blastula stages, when cells 
are pluripotent. During normal embryogenesis, spatially localized activity of 
the Nodal pathway induces and patterns mesendoderm at the appropriate 
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position. It appears that high levels of Nodal signaling induce endoderm in and 
close to the signal activation area, whereas low levels induce mesoderm in the 
neighboring area. However, the mechanism of this spatially restricted 
activation and patterning differs among species. In Xenopus embryos 
(Fig.1.2A), vegetally localized transcription factor VegT cooperating with 
dorsal β-catenin activates the transcription of Xnrs in the vegetal hemisphere. 
This asymmetric expression finally leads to a dorsal-ventral (D-V) graded 
Nodal signal that induces dose-dependent mesendoderm formation in the 
marginal zone, with higher signal levels resulting in dorsal specification 
(Kimelman 2006). In zebrafish (Fig.1.2B), Nodal genes are first activated on 
the future dorsal side by β-catenin and then are expressed in the vegetal and 
marginal region. Unlike frog, the zebrafish Nodals, Cyc and Sqt, pattern the 
mesendoderm along the animal-vegetal axis, rather than along the D-V axis. 
Genetic studies have shown that dorsal and ventrolateral mesoderm required 
different levels of Sqt and Cyc. However, dorsal marginal cells were not 
transformed toward more lateral fates in either sqt-/-; cyc+/-or sqt-/-; cyc+/+ 
embryos (Dougan 2003). In contrast to the transcriptional restriction of Nodal 
gene expression in frog and fish, the local activation of mouse Nodal signaling 
is initially achieved post-transcriptionally (Fig.1.2C). In mouse embryos, the 
unprocessed Nodal ligand produced by the epiblast can induce the 
transcription of its convertases Furin and Pace4 in the adjacent 
extraembryonic ectoderm. Subsequently, these convertases are secreted and 
process Nodal to initiate a positive autoregulatory loop in a subset of epiblast 
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cells that include mesendoderm precursors (Ben-Haim et al. 2006).  
In addition to this local generation of Nodal protein, inhibition of the 
pathway by the extracellular antagonists can further restrict mesendoderm 
formation. For example, loss of the inhibitor Lefty leads to the transformation 
of presumptive ectoderm into mesendoderm (Meno et al. 1999; Agathon, 
Thisse, and Thisse 2001; Feldman et al. 2002). 
 
1.1.2.2 Neural Patterning 
The first step in neural development is the adoption of a neural fate by 
dorsal ectoderm during late blastulation, giving rise to the neuroectoderm. 
Following neural induction, the neuroectoderm differentiates into two regions 
along the anteroposterior axis: the anterior neuroectoderm, which gives rise to 
the forebrain and anterior midbrain; and the posterior neuroectoderm, which 
gives rise to posterior midbrain, hindbrain and the spinal cord.  
Several studies have shown that Nodal signaling plays dual roles in neural 
patterning along anterior-posterior (A-P) axis, as it suppresses anterior neural 
development and promotes posterior neural development (Piccolo et al. 1999; 
Feldman et al. 2000; Perea-Gomez et al. 2002; Silva et al. 2003). This neural 
patterning is achieved by the local generation of Nodals and the inhibition by 
Nodal antagonists. For example, in mouse, Nodal induces formation of the 
anterior visceral endoderm (AVE) at the distal end of the egg cylinder and 
provides the driving force for the movement of the AVE to the anterior side, 
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where the expression of Nodal antagonists Lefty1 and Cerberus1 by the AVE 
is essential for the specification of anterior neural identity in the adjacent 
epiblast (Yamamoto et al. 2004). By contrast, high levels of Nodal activity in 
the posterior epiblast are required for the generation of prechordal mesoderm 
and anterior endoderm, which are necessary in turn for ventral patterning of 
the neural tube and the maintenance of anterior forebrain territories (Vincent 
et al. 2003). Studies in zebrafish also show that increasing the Lefty-related 
gene product Antivin doses progressively deleted posterior fates within the 
ectoderm, eventually resulting in the removal of all fates except forebrain and 
eyes. Conversely, overexpression of activin or Nodal-related factors converted 
ectoderm that is fated to be forebrain into more posterior ectodermal or 
mesendodermal fates (Thisse, Wright, and Thisse 2000). On the whole, these 
findings indicate that a gradient of Nodal activity is essential for a proper 
neural anteroposterior patterning. 
 
1.1.2.3 Left-Right Patterning 
The left-right (L-R) axis is specified after the A-P and D-V axes and is 
important for the future position of the organs and the directional looping of 
tubules in the body. The establishment of L-R axis starts from the symmetry-
breaking event, which, depending on species, occurs just prior to, or soon after 
gastrulation. During this process, an asymmetric signal(s) that is generated in 
the embryonic midline is transferred preferentially towards the left side of the 
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lateral plate mesoderm (LPM) to activate asymmetric gene expression, which 
causes local changes in cell behavior and eventually leads to the formation of 
asymmetric tissues and organs. 
 
 
Figure 1.3 Sequential function of Nodal signaling in left-right patterning in 
mouse embryo (Shen 2007). 
 
Several lines of evidence have identified Nodal as the key player for the L-
R axis specification. The asymmetric expression of Nodal occurs in the left 
LPM of all vertebrate species (Levin et al. 1995; Collignon, Varlet, and 
Robertson 1996; Lowe et al. 1996; Sampath et al. 1997; Rebagliati et al. 1998; 
Long, Ahmad, and Rebagliati 2003) and later induces asymmetric organ 
morphogenesis (Concha et al. 2000; Concha et al. 2003; Halpern, Liang, and 
Gamse 2003; Yashiro, Shiratori, and Hamada 2007; Davis et al. 2008; de 
Campos-Baptista et al. 2008; Bakkers, Verhoeven, and Abdelilah-Seyfried 
2009; Roussigné et al. 2009). For example, the activation of Nodal signaling 
in left heart progenitors allows leftward movement and enhances the speed of 
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cardiomyocytes (de Campos-Baptista et al. 2008; Bakkers, Verhoeven, and 
Abdelilah-Seyfried 2009). In the zebrafish diencephalon, left-sided Nodal 
expression promotes neurogenesis in the left habenula and the movement of 
the parapineal organ to the left (Concha et al. 2000; Concha et al. 2003; 
Halpern, Liang, and Gamse 2003; Roussigné et al. 2009). And during mouse 
development, Nodal signaling is required for asymmetric organogenesis, 
ranging from lung lobe formation to gut morphogenesis (Yan et al. 1999; 
Davis et al. 2008). In the absence of Nodal signaling, organ asymmetry is lost, 
randomized, or isomeric.  
In general, the asymmetric expression of Nodal in the left LPM is initiated 
by the disruption of L-R symmetry in the node, the anterior aspect of the 
primitive streak, or its equivalents. Studies have suggested that a cilia-induced 
fluid flow is responsible for the leftward diffusion of determinants that 
activate the Nodal signaling cascade in lefty LPM. In mouse, Nodal itself 
expressed in the node is essential for its subsequent asymmetric expression in 
the LPM (Fig.1.3A) (Brennan, Norris, and Robertson 2002). In zebrafish, 
however, expression of the Nodal ligand Spaw around Kupffer’s vesicle, an 
equivalent of the mouse node, is not essential for Spaw expression in the LPM 
(Long, Ahmad, and Rebagliati 2003), suggesting that different factors may be 
involved in the transfer of left-sided information. Subsequently, the auto-
activation of Nodal results in a rapid spread of Nodal expression throughout 
the left LPM, as well as the induction of paired-like homeodomain 
transcription factor 2 (Pitx2), which in turn activates expression of 
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downstream morphogenetic factors at a later stage (Fig.1.3B) (Hamada et al. 
2002). Different from the mesendoderm patterning, graded Nodal signals 
seems not to be required in L-R patterning. However, similar to the restriction 
of Nodal signaling in mesendoderm induction, extracellular antagonists 
belonging to the Lefty family restrict Nodal signaling to only the left side 
(Fig1.3B) (Meno et al. 1998; Feldman et al. 2002; Nakamura et al. 2006). 
 
1.1.2.4 Dorsal-Ventral Axis Specification by Maternal Transcripts 
In many organisms, the specification of the embryonic axis is initiated by 
maternally deposited factors. The role of Wnt signaling components as dorsal 
determinants is conserved in fish and frogs. However, in zebrafish, Sqt has 
been identified as an additional factor. The maternal transcripts of the Nodal 
ligand Sqt specify dorsal identity at early cleavage stage. In particular, the 
maternal Sqt transcripts can localize in dorsal blastomeres in a majority of 
zebrafish embryos at four-cell and eight-cell stages, whereas a morpholino 
knock-down led to a ventralized phenotype (Gore et al. 2005). Further study 
has identified that the 3’ untranslated region (UTR) in Sqt RNA is important 
for its localization and dorsal activity (Lim et al. 2012). The results also 
suggested that the Sqt RNA may function independently of Sqt protein in 
dorsal specification, but as a scaffold to bind and deliver/sequester maternal 
factors to future embryonic dorsal. Interestingly, the identified sequence 
motifs in Sqt also occur in Nodal genes in several mammalian species, 
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including human, thus raising the possibility of a conserved developmental 
mechanism of Nodal. 
 
1.1.2.5 Maintenance of Undifferentiated ES Cells 
In addition to functioning in developing embryos, several studies have 
shown that Nodal signaling is involved in the maintenance of pluripotency in 
embryonic stem (ES) cells. Indeed, all key components of the Nodal pathway 
are highly expressed in both undifferentiated mouse and human ES cells 
(Brandenberger et al. 2004). Studies in human embryonic stem cells (hESCs) 
have shown that the activation of Nodal signaling via Smad2/3 is necessary to 
maintain pluripotency, whereas the inhibition of pathway can lead to 
decreased stem cell self-renewal and induce hESCs differentiation (James, 
Levine, and Besser 2005; Vallier, Alexander, and Pedersen 2005).  
However, it seems paradoxical that, in several studies, Nodal is also used 
to specify mesendoderm derivatives from hESCs (Vallier et al. 2009; Mfopou 
et al. 2010; Cai et al. 2012). These apparent contradictory roles of Nodal could 
be explained by cell context and concentration-dependent differences in 
downstream signaling. For example, the ability of Smad2/3 (downstream of 
Nodal) to activate pluripotency versus endoderm transcriptional programs is 
dependent upon the availability of binding partners such as Nanog. In the 
absence of Nanog, Smad2/3 can regulate endoderm-specific genes (Brown et 
al. 2011). Moreover, since a graded Nodal signaling can induce different cell 
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fate in mouse ESC, it is plausible that this type of dose-dependency also exists 
in hESCs. 
 
1.1.2.6 Nodal Signaling in Adult Tissue and Carcinogenesis 
It is known that although Nodal plays critical roles during embryonic 
development, most genes in Nodal pathway are rarely expressed during 
adulthood. However, recent studies have shown that there are several non-
embryonic tissues that exhibit Nodal expression. For example, highly dynamic 
tissues that undergo necessary widespread remodeling events, such as the 
placenta, the mammary gland, and the cycling endometrium, have been shown 
to express Nodal. Furthermore, subpopulations of cells within specialized 
tissues, such as pancreatic islets and liver cells, express Nodal as well [Review 
in (Quail et al. 2013)]. On the whole, in normal condition, Nodal is relatively 
restricted to embryonic and reproductive cell types and is not detectable in 
most normal adult tissues. The re-emergence of Nodal expression usually 
happens during cancer progression. In particular, the acquisition of Nodal 
expression is associated with increased tumourigenesis, invasion and 
metastasis (Topczewska et al. 2006). The presence of Nodal in cancers as well 




1.1.3 Nodal as Morphogen 
The in vivo roles of Nodal signals have indicated their properties as 
morphogens. Morphogens are signals that can act at a distance from their site 
of production and form gradient to induce concentration-dependent responses 
in target cells. The mechanisms by which such graded signals can be 
generated and interpreted have been of particular interest since they are 
fundamental for embryonic patterning. In this section, Nodals are introduced 
as morphogens. 
 
1.1.3.1 Direct Long Range Action 
Nodal signals display both short- and long-range activities during 
mesendoderm induction. In zebrafish, ectopic expression studies have shown 
that Sqt can induce mesendodermal gene expression at a distance of several 
cell diameters from a source of expression, while Cyc has only short-range 
activity (Chen and Schier 2001). The long-range activity of Nodal also occurs 
during L-R patterning. In mouse, Nodal proteins generated in the node can 
activate the expression of target genes in distant cells in the LPM (Meno et al. 
2001). Furthermore, cell transplantation experiments have shown that Nodal 
can transverse a field of nonresponsive, co-receptor mutant cells to activate 
Nodal target genes in distant wild-type cells (Chen and Schier 2001; Oki et al. 
2007). These findings rule out a signaling relay mechanism and provide 
evidence that Nodal can act directly at a long range. Consistently, local 
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expression of GFP-labeled Nodal or Lefty proteins resulted in the extracellular 
movement of the fluorescent proteins from the source into non-expressing 
tissue in chick and frog (Sakuma et al. 2002; Williams et al. 2004). In 
addition, this observation reveals no evidence of transcytosis or cytonemes, 
instead, the long-range movement appears to occur by diffusion through the 
extracellular space. 
 
1.1.3.2 Dose-Dependent Responses 
Nodal signals can induce dose-dependent effects in responding cells. This 
is exemplified by Nodal-mediated specification of mesodermal identity. In 
zebrafish, a Nodal activity gradient along the animal-vegetal axis has been 
suggested (Dougan 2003), with the higher levels at the margin inducing 
endoderm, prechordal plate and ventricular progenitors, and lower levels 
inducing notochord and other mesododermal fates (Gritsman, Talbot, and 
Schier 2000). A similar dose-dependent effect has also been found in mouse 
supported by the progressively more severe defects in mesendoderm formation 
observed in increasing doses of Smad2 and Smad3 mutant alleles (Vincent et 
al. 2003).  
In the Nodal pathway, with no amplification steps, the responding cells 
appear to be very sensitive to Nodal levels as threefold difference in receptor 
occupancy resulted in equivalent increase in nuclear Smad2 concentration 
(Dyson and Gurdon 1998). Therefore, the ligand concentration could be one 
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important factor determining different cell responses. This concentration-
dependent effect can be examined by varying the concentration of Nodal 
ligands and determining downstream gene expression. Such experiments 
revealed at least two thresholds for Nodal-dependent gene activation. For 
example, low levels of Nodal are sufficient to induce targets such as 
ntl/T/Brachyury and floating head/Xnot, whereas the targets goosecoid and 
casanova/sox are activated only by high levels of Nodal (Schier 2009).  
Furthermore, the downstream responses to Nodal signaling are not only 
determined by the concentration of signals at a given time and position, but 
also by the duration of pathway activity. For example, expression of high-
threshold targets was absent on premature block of the pathway or delayed 
pathway activation (Gritsman, Talbot, and Schier 2000; Aoki et al. 2002; 
Hagos and Dougan 2007). Moreover, cells exposed to a uniform dose of 
Nodal mRNA progressively moved from low- to high-threshold fates with 
increasing exposure time (Hagos and Dougan 2007). All these studies suggest 
that the cumulative dose (concentration and time) of signals seems to be 
important in cell fate determination. This may also explain why short-range 
Cyc can induce all mesendodermal cell types in the absence of long-range Sqt 
(Feldman et al. 1998). 
At present, the molecular mechanisms by which different levels of 
pathway activity are interpreted as distinct transcriptional responses remain to 
be elucidated. One possibility is that high-concentration-response genes have 
weak binding sites that respond only to high concentration of P-Smads; while 
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low-concentration-response genes have high-affinity binding sites for Smad 
complexes, and thus are expressed at both high and low concentrations. Or in 
a competition model, high concentration of activators is required to 
outcompete the repressors for binding to the promoter of some high-
concentration-response gene (Affolter et al. 2001). 
 
1.1.3.3 Reaction-Diffusion Model 
In morphogen studies, the reaction-diffusion models describe the 
generation of a stable gradient of morphogen across a responsive 
developmental field. In such models, a locally acting activator induces both its 
own synthesis and the synthesis of a long-range inhibitor (Meinhardt and 
Gierer 2000). Thereby, cells in close proximity to the source perceive high 
levels of signaling activity, whereas more distant cells perceive little or no 
signaling activity, as lateral inhibition will prevail over a longer range.  
The regulatory properties of Nodal signaling strongly resemble the 
characteristics of a reaction-diffusion model (Fig.1.4). In this signaling, Nodal 
activates its own transcription, which results in a positive feedback that 
dramatically increases Nodal expression. However, since it also activates 
Lefty expression, a negative feedback is established to spatially restrict and 
temporally attenuate signaling, thus creating borders, patterns, or asymmetries. 
For example, during mesendoderm induction, the interaction of Nodal and 
Lefty determines the signaling range. In the absence of Lefty, the expression 
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and activity range of Nodal extend. On excess of Lefty, the production and 
signaling of Nodal are inhibited. Another example comes from L-R patterning. 
During this process, the cilia-induced flow in the node is thought to generate a 
slightly higher accumulation of Nodal in the left LPM. This initial asymmetry 
is amplified by Nodal autoregulation and the induction of Lefty on the left and 
in the midline. The long-range activity of Lefty then suppresses Nodal 
amplification on the right. However, unlike graded signals in mesendoderm 
induction, it only provides an on/off output. 
 
 
Figure 1.4 Reaction-diffusion mechanism for the generation of positional 
information (Shen 2007). 
 
During developing, the balance of Nodal and Lefty is carefully regulated 
not only at the level of transcription but also post-transcriptionally by factors 
like microRNAs. For example, in zebrafish, miR-430 has been shown to target 
both a Nodal ligand and its antagonists, Sqt and Lefty1/2 respectively, with its 
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strongest effects on Lefty2 (Choi, Giraldez, and Schier 2007). A similar 
mechanism is reported in humans (Luo et al. 2012). Such studies also reveal 
an important role of miRNAs in balancing the expression of Nodal and Lefty 
to achieve optimal levels required for normal development.  
Finally, although in classic reaction-diffusion models (Turing 1953) the 
activator/inhibitor interaction can result in self-organization that generate 
patterns in an initially homogenous field of cells, pre-patterns exist in the case 
of Nodal signaling. For example, in fish and frogs, the expression of Nodal is 
induced by the localized maternal determinants, while in mouse the local 
activation of Nodal signaling is induced by convertases in adjacent 
extraembryonic ectoderm. Those initial asymmetries can provide orientations 
to the subsequent patterning. Moreover, the levels of signal receptors may 
further restrict the signaling range. In Xenopus, the action of microRNA, miR-
15/16, have been implicated in the regulation of the type II receptor 
expression. While the expression of miR-15/16 primary transcript is 
ubiquitous, processing of this transcript into mature functional miR-15 is 
inhibited by the Wnt/β-catenin pathway. Since β-catenin accumulates on the 
dorsal side of the embryo after fertilization, mature miR-15 is found in a 
gradient, with the highest levels ventrally. This feature of miR-15 creates a 
reverse expression gradient of ActRIIA, and hence restricts responsiveness to 
Nodal ligands in a spatial manner. A similar effect is demonstrated by the 
regulation of signaling downstream effectors, as the Smad4 monoubiquitin 
ligase Ectodermin in Xenopus prevents signaling activation in ectoderm and 
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thereby restricts Nodal activity to the mesoderm.  
Taken together, all these studies suggest that additional regulations at 
different levels can restrict Nodal signaling and therefore provide further 
robustness to the signaling to prevent transcriptional misregulation of 
signaling components causing catastrophic changes during early development. 
 
1.2 Introduction of Fluorescence Correlation Spectroscopy 
In this section, the basic principle, fitting models and calculations are 
introduced for FCS (1.2.1) and FCCS (1.2.2) respectively. 
 
1.2.1 Principle of Fluorescence Correlation Spectroscopy 
Fluorescence correlation spectroscopy (FCS) is a single-molecule sensitive 
technique for studying molecular dynamics. It has been widely used to 
measure local concentrations, translational and rotational diffusion 
coefficients, photodynamics, reaction constants and molecular aggregation 
(Liu, Ahmed, and Wohland 2008).  
The principle of FCS is based on the statistical analysis of fluorescence 
intensity fluctuations in a small observation volume when the system is at 
thermal equilibrium. In general, the fluorescence fluctuations are induced by 
fluorescent particles moving in and out of the observation volume (e.g. 
diffusion, or flow), or by any process that may change the fluorescence 
property of the fluorophore during its residence time (e.g. fluorophore 
 32 
blinking, or chemical reactions). The fluctuations therefore contain 
information of the characteristic time of the underlying processes (e.g. 
diffusion) and indicate the average amount of particles within the observation 
volume. In FCS, all this information can be extracted by quantifying the 




Figure 1.5 Overview of the processes in FCS.  
 
Figure1.5 gives an overview of FCS data processing. As fluorescent 
particles transit an observation volume (Fig.1.5A), the fluorescence intensity 
trace is recorded (Fig.1.5B). Hence, any process within the volume that causes 
variations in the fluorescence intensity and happens on a time scale slower 
than the recording speed will leave characteristic fluctuations in the intensity 
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During this process, the detected fluorescence intensity is correlated with a 
time-shifted replica of itself at different values of the shift time (Fig.1.5C). At 
zero shift time, the correlation of the signals gives its highest value. But as the 
shift time increases, the signals correlate less, or in other words, the shifted 
signal is less and less similar with the original one. The correlation describes 
self-similarity of a signal in time and eventually transforms the fluorescence 
fluctuations signal into a decay curve (Fig.1.5D). 
The shape of the correlation curve characterizes the fluctuations and 
therefore provides information of the underlying processes. For example, if 
the fluctuations are caused only by fluorescent particles diffusing in and out of 
a confocal volume, the width of the correlation curve then shows how fast 
these particles move through the volume and the amplitude of the curve 
reflects the magnitude of the fluctuation. Since the relative fluctuations 
become smaller with increasing number of measured particles 
(concentrations), the amplitude can be used to determine the number of 
particles (N) in the volume. Indeed, it is inversely proportional to N. To further 
extract these important parameters, appropriate mathematical models are 
applied to the experimental autocorrelation curves. 
 
1.2.1.1 Autocorrelation Function 
The normalized autocorrelation function (ACF) is defined as: 
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                                                                             (1.1) 
where F(t) is the fluorescence intensity at time t, and τ is the lag time. Here, 
<> denotes time average, which is calculated by: 
.                                                                              (1.2) 
Since F(t) can be express as 
                                                                                  (1.3) 
where δF(τ) is the fluorescence fluctuation defined as a transient deviation of 
the fluorescence intensity from its average value and the average of this 
fluctuation over time is 0 (i.e. < δF(τ) > = 0), Equation 1.1 can be rewritten as: 
.                    (1.4) 
 
1.2.1.2 Theoretical ACF Models 
In FCS, the fluorescence emitted by the molecules is recorded photon by 
photon. Assuming that all fluorescence fluctuations arise only from changes in 
the local concentration δC within the observation volume, the fluorescence 
intensity F(t) and its fluctuation δF(t) can be written as: 
                                                                    (1.5) 
and 
G(τ ) = F(t)F(t +τ )
F(t) 2
F(t) = 1T F(t)dt0
T
∫
F(t) = δF(t)+ F
G(τ ) = F(t)F(t +τ )
F(t) 2
=
(δF(t)+ F )(δF(t +τ )+ F )
(δF(t)+ F ) 2
=






F(t) =κσq W (!r )C(!r, t)d!r∫
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                                                               (1.6) 
where κ is the overall detection efficiency (including the detector quantum 
efficiency, its sensitivity to the particular wavelength range, and losses in the 
optical system), σ is the molecular absorption cross-section, q is the 
fluorescence quantum yield, and W( ), which is proportional to the product of 
the spatial intensity profile of the exciting laser beam and fluorescence 
detection probability, describes the spatial distribution of the emitted light. 
Substituting Equation 1.6 and 1.7 into Equation 1.4 yields: 
                 (1.7) 
where <C> is the mean concentration.  
Equation 1.7 can be analytically or numerically solved for different 
illumination profiles and functions describing the fluctuations of fluorescent 
particles. For example, in the case of one-component three-dimensional (3D) 
free diffusion, the correlation of the concentration fluctuation part can be 
described by a so-called diffusion propagator (Weidemann et al. 2002): 
                                       (1.8) 
where D is the diffusion coefficient of the single component. And in a typical 
confocal FCS setup, the illumination profile (Fig.1.6A) can be approximated 
by a 3D Gaussian (Rigler et al. 1993): 
                                                                 
δF(t) =κσq W (!r )δC(!r, t)d!r∫
!r
G(τ ) =
(κσq)2 W (!r )W (!′r ) δC(!r, t)δC(!′r , t +τ ) d!r d!′r∫∫
(κσq C W (!r )d!r∫ )2
+1




W (!r ) = I0e−2 x
2 /ω02e−2 y2 /ω02e−2z2 /z02
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(1.9) where I0 = 2P/πω0 is the excitation intensity at the center of the laser 
beam with laser power P, ω0 and z0 are the lateral and axial distances at which 
the laser beam has decreased to 1/e2 of the maximum at the center. Here, I0 can 
be combined with the κ, σ and q in Equation 1.1.5,1.1.6 and 1.1.7 to give a 
parameter that determines the photon count rate per detected molecule per 
second (cps or brightness): η0= I0κσq. This parameter is a measure of the 
signal-to-noise ratio and therefore often used for a quick comparison regarding 
the quality of different adjustments or setups (Schwille 2001). It can be 
experimentally determined by dividing the average intensity by the average 
number of particles.  
Taken together, the ACF is derived as: 
.                  (1.10) 
The integration gives the following solution: 
          (1.11) 
where π3/2ω02z can be defined as the effective volume Veff of the 3D Gaussian 
profile given in Equation 1.9. And for practical purposes, the function is often 
written as: 
                                           (1.12) 
with 
G(t) =
η2 e-2(x2- ′x 2 )/w02e-2(y2- ′y 2 )/w02∫∫ e-2(z
2- ′z 2 )/z02 e-(
!r - ′!r )2 /4Dt
(4pDt)3/2 d
!rd ′!r
η2 C 2 ( e-2 x2 /w02e-2 y2 /w02e-2z2 /z02 d!r∫ )2
+1


































                                                                      
(1.13) 
                                                                                               (1.14) 
and 
.                                                                                                (1.15) 
Here, N is defined as the apparent number of particles in the confocal volume. 
τd is defined as the average time required for one particle to diffuse through 
the confocal volume. The value of G∞, which is 1 for an infinite measurement 
time, can differ slightly from 1 for finite measurement times. In general, the 
parameter G∞ will deviate from 1 by less than 1% in solution measurements. 
Large deviations could be an indicator of photobleaching, instabilities of the 
setup or a moving sample. 
Equation 1.12 describes a 3D free diffusion model. The ACF therefore 
contains components in three dimensions: 
                                                                       (1.16) 
with 
                                                                             (1.17) 
and 
 .                                                                    (1.18) 







G3D (τ ) = gx g y g z +G∞





















However, if the diffusion occurs only in 2D such as on a cell membrane, then 
the ACF will only have the portion of gx and gy: 
.                                              (1.19) 
In addition, when the sample contains different fluorescent species, the 
ACF can be extended as: 
                                                          (1.20) 
where αi is the ratio of molecular brightness of species i compared to 
molecular brightness of species 1 (ηi/η0), Fi is the mole fraction of species i, 
and 




                                                                  (1.22) 
for 3D and 2D respectively. In biological systems, molecules of interest 
sometimes undergo interactions with bigger molecules, and thus present a fast 
diffusing component for the free molecules and a slow one for bond 
molecules. In this case, assuming the molecular brightness keeps constant, 
Equation 1.20 can be written into: 
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                          (1.23) 
for a 3D two-component (3D2C) situation (Fig.1.6B). 
Finally, fluorescent molecules often have a non-negligible triplet state 
population with a characteristic triplet state relaxation time on microsecond 
range. Since this intersystem crossing between singlet and triplet states also 
causes characteristic fluctuations in the fluorescence signal, it will lead to an 
additional shoulder at small τ values in the ACF (Fig.1.6B). Thus, a function 
that describes triplet state kinetic needs to be multiplied with the basic 
correlation functions. For example, the one-component diffusion models with 
triplet state can be written as: 
                      (1.24) 
and 
        .                                      (1.25) 
Here, the Ftrip is the fraction of the particles that have entered the triplet state, 
and τtrip is the triplet state relaxation time. 
G3D,2C (τ ) =
1
N





















































































































































Fitting the experimental ACF curves with appropriate models described in 
section 1.2.1.2 can provide important parameters such as the number of 
particles (N) in the observation volume and their diffusion time (τd). 
Furthermore, concentration and diffusion coefficient can be calculated based 
on Equation 1.13 and 1.14, in which the effective volume Veff and the lateral 
focal dimension ω0 can be pre-determined using a calibration dye solution 
with known diffusion coefficient. 
The diffusion coefficient (D) of a solute molecule is given by the Stokes‐
Einstein equation:  
                                                                                             (1.26) 
where η is the viscosity of the solution, r is the hydrodynamic radius of the 
molecule, k is Boltzmann’s constant and T is absolute temperature. Under the 
assumption that the solute molecule is spherical and the mass density of the 
molecule is the same, the diffusion time is proportional to the cubic root of 
mass (τd~M1/3). Therefore, a large molecule will diffuse slower (larger τd) and 
will generate fluctuations with wider width in ACF (Fig.1.6D).  
The amplitude of the ACF [G(0)] is inversely proportional to the number 
of particles (N) in the observation volume (Fig.1.6C). 
                                                                               (1.27) 
D = kT6πηr





Therefore, with increasing concentration, the amplitude of ACF curves 
decreases. Moreover, for multiple particles with different brightness (η), G(0) 
is written as a summation of all the i species having a particular ηi: 
.                                                                              (1.28) 




Figure 1.6 Characteristics of fluorescence correlation functions. (A) Confocal 
Volume. (B) A representative fitting using three-dimensional two-component 























concentration; the arrow indicates increasing concentration. (D) Changes in an 
ACF for different diffusion times; the arrow indicates increasing diffusion 
time. 
 
1.2.2 Principle of Fluorescence Cross-Correlation Spectroscopy 
Detection of molecular interactions using FCS involves the changes in the 
diffusion time when fluorescent-labeled molecules bind to bigger unlabeled 
molecules. However, in order to differentiate the changes in diffusion time in 
FCS, the diffusion time before and after binding needs to differ by at least 1.6 
times (Meseth et al. 1999), which corresponds to a change in molecular weight 
by a factor of 4. Due to this reason, FCS is not suitable for binding studies of 
molecules with similar size.   
 
 
Figure 1.7 Theory of FCCS. A typical FCCS measurement yields three 
correlation functions, two ACFs for each channel (red and green), and one 
cross-correlation function (CCF) (blue). If the two differently labeled 
molecules do interact, an elevated CCF will be observed. The amplitude of the 
CCF indicates the concentration of interacting molecules.  
 
Fluorescence cross-correlation spectroscopy (FCCS) can obviate this 






FCS, FCCS uses two spectrally distinct fluorophores to label two (usually 
different) particle species to study their interaction. The fluorophores can be 
excited either by different lasers (Schwille, Meyer-Almes, and Rigler 1997) or 
by a single laser (Hwang and Wohland 2005). Photons are collected in two 
separated detection channels for each label. During a measurement, if two 
differently labeled molecules bind to each other, they will move as a unit 
through the observation volume (Fig.1.7). This concurrent movement induces 
simultaneous fluctuations of the fluorescence signals in the two color channels 
(green and red). Cross-correlating both signals thus produces an elevated 
cross-correlation function (CCF) which contains information about the 
complexes formed between two species. 
 
1.2.2.1 Cross-Correlation Function 
The normalized CCF is written as: 
                                                                   (1.29) 
where the notation g and r refers to the green and red detection channels 
respectively. 
FCCS determines molecular binding based on the amplitude of the CCF, 
and thus is independent of mass. In a 1:1 binding stoichiometry, the molecular 
reaction is described as: 
.                                                                             (1.30) 
Gx (τ ) =




Assuming no changes in the brightness upon binding, the amplitude of the 
CCF is given by: 
                                                           (1.31) 
where Ni and Ngr are the number of free species and complexes observed 
respectively. As described in the previous section, the amplitude of the ACF 
from two channels is inversely proportional to the total number of particles for 
each species: 
 .                                                                               (1.32) 
The ratio of the amplitude of CCF and ACF therefore indicates the degree of 
molecular binding.  
                                                                              (1.33) 
                                                                              
(1.34)  
 
1.2.2.2 Quantification of Biomolecular Interactions 
In practice, however, the amplitude of ACF and CCF is influenced by 
crosstalk and background. Here, crosstalk refers to the leakage of signal from 
the green fluorophore into the red detection channel and vice versa, due to the 
Gx (0) =
N gr
(N g + N gr )(N r + N gr )
Gi (0) =
1










N g + N gr
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wide emission bands of most fluorescent proteins. It can be removed by 
applying pulsed interleaved excitation (PIE) in which the two fluorophores are 
alternatively excited by two lasers at a rate much faster than their diffusion 
times (Kapanidis et al. 2004; Müller et al. 2005; Thews et al. 2005). Or, 
corrections can be made by treating the crosstalk as an additional contribution 
with different brightness (cps).  
The background is usually insignificant for in vitro measurements (< 0.5 
kHz) due to the high signal-to-noise ratio achieved by organic dyes (η > 10 
kHz depending on the laser power used). In biological studies, however, it is 
non-negligible due to the lower brightness of fluorescence proteins (0.5-5 kHz 
in normal experimental condition) and the autofluorescence of biological 
samples. Hence, the amplitude of ACF will be lower than expected in this 
case. An advanced FCS technique known as fluorescence lifetime correlation 
spectroscopy (FLCS) provides an elegant way to separate contributions from 
unwanted background with signals based on fluorescence lifetime (Böhmer et 
al. 2002; Benda et al. 2006; Kapusta et al. 2006). However, this method 
requires sub-nanosecond pulsed excitation and time-correlated single photon 
counting (TCSPC). In conventional FCS, however, correction can still be 
applied by adding a background factor into the amplitude calculations. But 
this correction is based on the assumption that all the detected background is 
random in nature, in other words, it is non-correlated. Otherwise, any 
correlated background should be treated as a separate species. 
Taken together, the correction of the amplitude calculation can be 
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expressed as: 
  .                                                                  (1.35) 
To be specific, 
,       (1.36) 
,        (1.37) 
and, 
.         (1.38) 
The involved parameters are listed in Table 1.1. 
 




rate in the green and 
red channels 
Pre-determined by 
experiment with blank 
sample 
ηgg, ηrr 
cps for green and red 
molecules in their 
corresponding 
channels 
ηgg and ηgr are obtained 
from the division of the 
average intensity in each 
channel with the number 




( ηi N i + β )
2∑
Gg(0) =
(ηgg )2Cg + (ηrg )2Cr + (qgηgg + qrηrg )2Cgr
NAVeff ηggCg +ηrgCr + (qgηgg + qrηrg )Cgr + β g / (NAVeff )⎡⎣ ⎤⎦
2
Gr (0) =
(ηgr )2Cg + (ηrr )2Cr + (qgηgr + qrηrr )2Cgr





rCg +ηrgηrrCr + (qgηgg + qrηrg )(qgηgr + qrηrr )Cgr
NAVeff ηggCg +ηrgCr + (qgηgg + qrηrg )Cgr + β g / (NAVeff )⎡⎣ ⎤⎦
× ηg
rCg +ηrrCr + (qgηgr + qrηrr )Cgr + β r / (NAVeff )⎡⎣ ⎤⎦
−1
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ηgr, ηrg Crosstalk cps 
when only green species 
is expressed. Similar, ηrg 
and ηrr are determined 




that account for 
changes in cps 
during binding via 
processes such as 
quenching or FRET 
for the green and red 
molecules 
Estimated by difference 
in cps between free and 
bond particles. 
Set as 1 if no change. 
 
Since the value of Gg(0), Gr(0) and Gx(0) can be obtained directly from 
curve fitting and other parameters can be pre-determined by control 
experiments (Table 1.1), it is then possible to numerically solve Equation 1.36, 
1.37 and 1.38 to get the values of Cg, Cr and Cgr, corresponding to the 
concentrations of free and bond species respectively in Equation 1.30. Thus, 
the amount of complexes (complex percentage) can be calculated by: 
 or  .                                            (1.39, 1.40) 
In practice, the concentrations of green-tagged and red-tagged molecules have 
never been the same. Since the molecule with lower concentration limits the 
number of possible complexes, the larger value calculated by Equation 1.39 
and 1.40 was used. In addition to this complex percentage, a better and more 
exact measure of interaction is the dissociation constant (Kd). With Cg, Cr and 








.                                                                                     (1.41) 
Finally, a special situation is considered. In a dimerization study, the same 
molecules are labeled with different FPs (i.e. g and r). In this case, the 
situation is complicated by the existence of homodimers of proteins. 
Assuming that the formation of dimers containing gg, rr, gr, and rg is equally 
likely and their occurrence depends only on the absolute amounts of different 
labeled molecules, the amplitudes of ACF and CCF for this case are then 
given by: 
 
                                                                                                              (1.42) 
 
                                                                                                                    (1.43) 
and, 
.         (1.38) 
The probabilities of finding molecules labeled with g or r are: 






(ηgg )2Cg + (ηrg )2Cr + (2ηgg )2C2g + (2ηrg )2C2r + (qgηgg + qrηrg )2Cgr
NAVeff ηggCg +ηrgCr + 2ηggC2g + 2ηrgC2r + (qgηgg + qrηrg )Cgr + β g / (NAVeff )⎡⎣ ⎤⎦
2
Gr (0) =
(ηgr )2Cg + (ηrr )2Cr + (2ηgr )2C2g + (2ηrr )2C2r + (qgηgr + qrηrr )2Cgr





rCg +ηrgηrrCr + (qgηgg + qrηrg )(qgηgr + qrηrr )Cgr
NAVeff ηggCg +ηrgCr + (qgηgg + qrηrg )Cgr + β g / (NAVeff )⎡⎣ ⎤⎦
× ηg
rCg +ηrrCr + (qgηgr + qrηrr )Cgr + β r / (NAVeff )⎡⎣ ⎤⎦
−1
Pg =
Cg + 2C 2g +Cgr
Ctot
 49 
                                                                        (1.45) 
where 
.                                         (1.46) 
Therefore, 
                                                                                (1.47) 
                                                                                 (1.48) 
                                                                           (1.49) 
where Pdimer is the probability of dimer formation, and 
                                                         (1.50) 
.
                                                       (1.51)  
Equation 1.38, 1.42 and 1.43 together with Equation 1.50 and1.51 are 
numerically solved for Cg, Cr, C2g, C2r, and Cgr. The complex percentage in 
this case is calculated as: 




Cr + 2C 2r +Cgr
Ctot
Ctot =Cg +Cr + 2(C 2g +C 2r +Cgr )
C 2g = Pdimer Pg
2Ctot
C 2r = Pdimer Pr
2Ctot







Cg + 2C 2g +Cgr







Cr + 2C 2r +Cgr
2(Cg + 2C 2g +Cgr )




1.2.3 FCS/FCCS in vivo Application 
With a typical resolution of nanoseconds and measurement time of 
seconds, FCS allows to monitor not only diffusion processes (microseconds to 
milliseconds) such as Brownian diffusion (Mets and Rigler 1994), anomalous 
diffusion (Schwille, Korlach, and Webb 1999; Weiss, Hashimoto, and Nilsson 
2003; Banks and Fradin 2005) and flow (Gösch et al. 2000; Pan et al. 2009), 
but also fast processes (nanoseconds to microseconds) such as triplet state 
dynamics (Widengren, Rigler, and Mets 1994; Widengren, Mets, and Rigler 
1995), chemical reactions (Widengren and Rigler 1998), rotational diffusion 
(Loman et al. 2010) and photophysics of fluorescent proteins (Haupts et al. 
1998). In addition, since FCS measures fluorescence fluctuations, it works 
only in relatively low concentrations ranging from 1 nM to 1 µM. As these 
concentrations are close to typical physiological expression levels, it can be 
directly used to study protein dynamics in physiological relevant situations 
without the need of protein overexpression.  
The sensitivity of FCS and its ability to quantify molecular dynamics and 
interactions make it a powerful tool for in vivo studies. Until now, the FCS 
measurements have been widely performed in the cytoplasm, nuclei and 
membranes in different cell lines (Ries and Schwille 2012). In recent years, 
this technique was eventually applied in living organisms to study various 
problems in developmental biology and physiology. 
The early use of FCS analysis to determine diffusion coefficients began 
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with ex vivo experiments. Medaka embryos were dissected and the dynamic 
properties of green fluorescent protein (GFP)-labeled nuage proteins were 
analyzed in primordial germ cells using FCS and fluorescence recovery after 
photobleaching (FRAP) (Nagao et al. 2008). These approaches were then 
employed to study the localization and redistribution of GFP-labeled NMY-2 
and PAR-2 proteins during the asymmetric first division of C. elegans 
embryos (Petrášek et al. 2008), to investigate chromatin binding protein 
dynamics during development of the Drosophila embryo (Bhattacharya, 
Talwar, and Mazumder 2009), and later, to study transcription factor diffusion 
in developing mouse embryos (Kaur et al. 2013). 
In parallel, attempts were made to adapt this approach for the in vivo 
analysis of blood flow and other biological processes in transparent zebrafish 
embryos. A combined laser scanning confocal microscopy (LSCM) and FCS 
system for uncompromised imaging and spectroscopy measurements was 
developed. Scanning the laser beam with a defined speed and direction has 
been used to measure the flow direction in developing capillaries of zebrafish 
embryos at an optimal resolution of at least 3 µm (Pan et al. 2007; Pan et al. 
2007; Korzh et al. 2008; Pan et al. 2009). Subsequently, this approach was 
extended to determine blood flow velocities with high spatial resolution, and 
together, the diffusion coefficients of cytosolic and membrane-bound 
enhanced GFP (EGFP)-labeled proteins in muscle and neurons of living 
embryos was evaluated (Shi et al. 2009a). 
Finally, FCS was used to investigate in vivo protein-protein interactions in 
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two different applications. First, single wavelength fluorescence cross-
correlation spectroscopy (SW-FCCS) was used to measure the interaction of 
Cdc42, a small Rho-GTPase, and IQGAP1, an actin-binding scaffolding 
protein, in cultured cells and zebrafish embryos. The results emphasized that 
bimolecular interactions depend on the biological system under investigation, 
and that analyses need to be performed under physiologically relevant 
conditions (Shi et al. 2009b). In the second application, static-volume, two-
focus and dual-color scanning fluorescence correlation spectroscopy was 
combined to quantify the mobility of fibroblast growth factor receptors, Fgfr1 
and Fgfr4, in cell membranes of living zebrafish embryos and determine their 
in vivo binding affinities to Fgf8. Furthermore, this technique was used to 
demonstrate that a freely diffusing morphogen (Fgf8) can set up concentration 
gradients in a complex multicellular tissue by a simple source-sink mechanism 
(Ries et al. 2009; Yu et al. 2009). In this research, using FCS/FCCS, the 
protein dynamics and interactions of Nodal signals were studied in living 
zebrafish embryos.  
 
In summary, the purpose of this study was to explore the mechanisms by 
which Nodal factors function in living zebrafish embryos. Using FCS and 
FCCS, the formation of the concentration gradient and the in vivo diffusion of 
two Nodal proteins, as well as the interactions of the pathway components 
were determined. The materials and methods used in this study will be 
described in the following chapter; the related results will be presented in 
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Chapter 2  Materials and Methods  
 
2.1 Constructs 
 All constructs, mRNA synthesis and in situ activity studies were done by 
our collaborator Wang Yin in the Temasek Life Sciences Laboratory.  
The coding sequences of Sqt, Cyc, Lefty and ActRIIB with Kozak 
sequence GCCACC immediate upstream of the start codon and restriction 
sites were amplified by Reverse Transcription PCR (RT-PCR) from cDNAs of 
50% epiboly stage wild type (AB) embryos. The PCR products were cloned 
into pCS2+ vectors by restriction digestion and ligation. 
All fluorescent protein fusion constructs, Sqt-EGFP/mCherry, Cyc-EGFP, 
ActRIIB-mCherry, Lefty-EGFP/mCherry, SqtCyc2-EGFP and CycΔCyc2-EGFP, 
were generated by PCR-based methods using the constructs mentioned in the 
previous paragraph or the paper (Tian et al. 2008) as templates and 
sequentially cloned into the pCS2+ vector. The Cyc mutants, CycG414R, 
CycR429C, CycL438F, as well as the correspondence EGFP fusion protein 
constructs were generated by site-directed mutagenesis from the pCS2-Cyc 
and pCS2-Cyc-
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mCherry) were inserted one and four amino acids downstream of the cleavage 
site between the pro- and mature domains of Sqt and Cyc, respectively, or 
directly linked to the C-terminus of full-length Lefty1/2. The extracellular and 
transmembrane domain of ActRIIB receptor was tagged with mCherry.  In 
addition, a secreted signal was linked with EGFP, mCherry or the tandem 
EGFP-mCherry to serve as negative or positive controls.  
Capped mRNAs were synthesized using mMessage mMachine SP6 kit 
(Invitrogen, Carlsbad, CA) with NotI linearized plasmid DNA.  
 
 
Figure 2.1 Activity study of EGFP-labeled Nodal proteins. Blue staining 
shows the expression of one target gene ntl, brown staining shows the biotin-
dextran which marks the source.  
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The in situ hybridization study has suggested that labeling Nodal proteins 
did not affect their activity ranges(Fig.2.1). 
 
2.2 Zebrafish Embryo Preparation 
Wild-type zebrafish were maintained under standard conditions by the fish 
facility of Temasek Life Sciences Laboratory. The fish are photoperiodic in 
their breeding, and produce embryos every morning. Depending on demand, 
embryos were collected and injected with different doses of mRNA. For one-
cell stage injection, the mRNA was injected into the yolk of one-cell stage 
embryos. For 32-64-cell stage injection, embryos were dechorionated, and 
mRNA was injected into one cell of 32-64-cell stage embryos (Fig.2.2). The 
embryos were then incubated in egg water (0.03% sea salt) or 30% Daniaeu’s 
solution (for dechorionated eggs) at 28.5°C for optimal development. 
Fluorescence expression was examined at 4 hours post fertilization (hpf) under 
a UV dissecting microscope and embryos with normal development and 
suitable expression level were selected for measurements. Selected embryos 
were mounted in 0.5~0.7% low-melting-temperature agarose (Bio-RAD) in a 
glass bottom Petri dish (WillCo-Wells). The orientation of the zebrafish 
embryos was adjusted so that the animal poles face downward (Fig.2.2) to the 
objective in the confocal setup. Measurements were done at room temperature 
(22°C) in 30% epiboly embryos. During this stage, the blastoderm covers 30% 
of the entire distance between the animal and vegetal poles, and gastrulation 
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happens at the same time.  
 
 
Figure 2.2 Zebrafish embryo preparation. 
 
2.3 Instrumentation 
A commercial laser-scanning confocal microscope FV300 (Olympus, 
Tokyo, Japan) was modified and combined with a custom-built FCS 













 0.5% low melting 
temperature agarose Zebrafish embryo
Mounting 
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Optronics, Tokyo, Japan) was controlled by an acousto-optic tunable filter 
(AOTF). The excitation light was reflected by an excitation dichroic mirror 
(458/514) onto a pair of galvanometer scanning mirrors and focused to a small 
focal volume in the sample by a 60× water-immersion objective (UPLSAPO, 
NA=1.2; Olympus). The emitted fluorescence light was imaged over a 3× 
magnification stage onto a 150-µm pinhole. A custom-built slider then 
allowed one to direct the light either to the FV300 photomultipliers for 
imaging, or to the avalanche photodiodes (SPCM-AQR-14-FC; Pacer, 
Berkshire, UK) for FCS/FCCS analysis. The use of a single pinhole for both 
imaging and spectroscopy guaranteed the accurate positioning of the FCS 
observation volume in the sample after confocal image acquisition.  
For FCS measurements, EGFP was excited at 488 nm. An achromatic lens 
(f=60mm, Thorlabs, Newton, NJ) focused the emitted fluorescence through a 
510AF23 band-pass filter (Omega Optical) onto the APD. For FCCS 
measurements, both EGFP and mCherry were excited at 514 nm. A 560DCLP 
dichroic mirror (Omega Optical) then split the fluorescence into green and red 
channels. Band-pass filters of 545AF35 and 615DF45 (Omega Optical) were 
used respectively for each channel. Autocorrelations and cross-correlations 
were computed online by a hardware correlator (Flex02-01D; Correlator.com, 




Figure 2.3 SW-FCCS setup (Foo,2011).  
 
The application of single-wavelength excitation here simplified the 
conventional dual-color FCCS setup and circumvented the problem of 
multiple laser alignment. In this method, the fluorophores were not excited at 
their maximum excitation wavelength (Fig.2.4). Using a laser power at around 
25 µW, a cps of 800~2000 Hz was usually achieved for both FPs, which was 




Figure 2.4 Excitation (dashed lines) and emission spectra (solid lines) of 
EGFP and mCherry with selected filters. 
 
2.4 FCS/FCCS Data Acquisition and Analysis 
2.4.1 FCS/FCCS Data Acquisition 
Although the transparency of zebrafish embryo aids FCS application, the 
working distance is still limited due to the thick tissue induced light scattering. 
Our previous study has suggested that FCS can be applied for accurate 
measurements as deep as 50 µm inside the embryo using one-photon 
excitation (OPE) (Shi et al. 2009a). Hence, all FCS measurements done in the 
extracellular space or cell membrane were within 50 µm. 
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2.4.2 FCS/FCCS Data Fitting 
The experimental raw data was fitted with a defined correlation function 
model (described in section 1.2.1.2). In general, 3D diffusion models with 
triplet state were used for free diffusing molecules (Eq.1.23 and 1.24), while a 
one-component, 2D diffusion model with triplet state was use for membrane 
receptors (Eq.1.25). In addition, it should be noted that models used for CCF 
did not include a triplet component, as the triplet states of EGFP and mCherry 
are not correlated. However, fluorescence crosstalk from green to red channel 
is always inevitable. This crosstalk will produce a triplet as it presents the 
EGFP photophysical state in CCF. For this reason, CCF curve fitting was 
always performed within limited time range from 100 µs to 1s to avoiding the 
triplet state time range of ~10 µs. 
To fit the data, an interactive procedure was performed with the 
Levenberg-Marquardt algorithm to minimize the χ2 using a self-written 
program in Igor Pro 6.0 (WaveMetrics, Lake Oswego, OR). The χ2 describes 
the difference between the fitted function y(x) and the experimental data yi at 
point xi weighted by σi as a sum over all data points i: 
.                                                                        (2.1) 
Here, σi is the standard deviation derived by Koppel’s formula (see details in 
Wohland, Rigler, and Vogel 2001).  
 
 
χ 2 = ( y − yi ) /σ i⎡⎣ ⎤⎦
2∑
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2.4.3 Determination of Diffusion Coefficient 
For diffusion studies, an Atto488 dye solution was used to calibrate the 
system. After calibration, measurements were done under the same condition. 
A 30-second duration was used for all measurements. Based on Equation 1.14, 
the product of diffusion time τd of a given molecule and its diffusion 
coefficient D stays constant under the same experimental condition. Therefore 
the diffusion coefficient of a molecule of interest can be calculated as follow: 
                                                                              
(2.2) 
where τd and τd,calib can be determine by FCS measurements on molecules of 
interest and calibration dye solution respectively, and Dcalib is the diffusion 
coefficient of the calibration dye. For Atto488, this value is 400 µm2/s 




2.4.4 Quantification of Biomolecular Interactions 
For interaction studies, Rhodamine 6G (R6G) was used as the calibration 
dye. R6G can be efficiently excited by 514-nm laser line, and due to its broad 
emission spectrum, the fluorescence can be captured in both channels with 
filters used in SW-FCCS measurements (560DCLP, 545AF35 and 615DF45). 
Using this single-dye calibration, the CCF reached its maximum and lied 
Dx =
τ d ,calib ⋅Dcalib
τ d ,x
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between the green and red ACFs (Fig.2.5). The 100% overlap between the 3 
curves was expected but not practically achieved mainly due to the difference 
in background of green and red channels (Weidemann et al. 2002).  
FCCS measurements were performed in selected embryos that expressed 
both EGFP and mCherry at a similar level. In the selected embryos, the 
intensity difference between green and red was not more than a factor of 2. 
For membrane measurements, a shorter measurement duration (10-15 sec) was 
used due to membrane movement. 
 
 
Figure 2.5 SW-FCCS measurement of R6G with parameters from green ACF 
fitting. The dots indicate experimental data while the solid lines are fitting 
curves. A 3D one-component one-triplet model was used to extract important 
parameters.  
  
In order to quantify interactions (section 1.2.2.2), important parameters 
(Table 1.1) were pre-determined by several control measurements using the 
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with only EGFP-tagged proteins, and ηrr and ηrg were obtained from embryos 
with only mCherry-tagged proteins. The individual cps was an average of at 
least 30 measurements of such experiments. Depending on different 
constructs, ηgg and ηrr were found to range from ~1200-1800 Hz with ηgr about 
9-11% of ηgg and ηrg about 1-2% of ηrr. The average background intensities in 
both channels were recorded in wild-type embryos without injection. βg 
ranged from ~500-1000 Hz, while βr ranged from ~1200-3000 Hz. 
Determination of Veff can be achieved via FCCS measurement and fit of 
Rhodamine 6G (R6G) with a diffusion coefficient of 426 µm2/s (Petrášek and 
Schwille 2008). For a 514-nm laser line excitation, the Veff was determined to 
be 0.56 ± 0.06 fL. Finally, the correction factors of qg and qr = 1 were used 
since no significant change in cps was observed.  
 Finally, concentrations were calculated as described in section 1.2.2.2 by 
a self-written program in Mathematica (Wolfram Research, Champaign, IL). 
 
2.5 Image Acquisition and Analysis 
Images were acquired using the same setup as used for FCS 
measurements. The mRNA of EGFP-labeled protein was injected at 64-128-
cell stage, and embryos were measured 1 to 2 hours after injection. A 10× 
objective (UPLSAPO, NA=0.40, Olympus) and the long-pass 505 emission 
filter were chosen to collect fluorescence excited by 488-nm laser line. In 
addition, a 2.5 times digital zoom was used. Images were taken in planes 
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approximately 15 µm below the enveloping layer of the embryo at 512 × 512 
resolution with a pixel size of 1.4 µm2. 
Image analysis was performed by ImageJ. To measure the fluorescence 
intensity as a function of distance from the expressing source, a rectangular 
region of interest (ROI) with a height of 50.4 µm (corresponding to 36 pixels) 
close to the source was dawn. The width of the ROI differed depending on the 
size of the embryo. A 7 × 50.4 µm2 window was binned to calculate average 
intensity. To subtract autofluorescence background, the images of non-
injected wild-type embryos were recorded under same condition. The resulting 
data was normalized to the value closest to the source boundary. To facilitate 
visualization, alternate color maps were chosen, and the minimum and 
maximum displayed values were adjusted globally for each image. 
 
 
Figure 2.6 A representative image of Sqt-EGFP.  
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Chapter 3  Observation of Squint 
Diffusion and Dimerization in vivo 
 
3.1 Introduction 
Morphogens are long-range signaling molecules that pattern developing 
tissues in a dose-dependent manner. The spreading mechanism of a 
morphogen is critical for determining its signaling range. Over the past 
decade, studies in both Drosophila and vertebrates have yielded important 
insights into morphogen transport (Yan and Lin 2009). Such studies have been 
mainly focused on members of the Wnt, Hedgehog (Hh), and TGF-β families. 
Based on imaging and biophysical methods, several models have been 
proposed, ranging from diffusion-based mechanisms to cell-based dispersal by 
transcytosis or cytonemes.  
In the case of Nodal proteins, the extracellular diffusion models are 
favored due to the facts that Nodals can transverse a field of nonresponsive, 
co- receptor mutant cells to activate Nodal target genes in distant wild-type 
cells, and no transcytosis or cytonemes have ever been observed (section 
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1.1.3.1). Despite these findings, a direct measure of in vivo diffusion of Nodal 
protein is still lacking.  
The zebrafish Nodal signal, Squint (Sqt), can function as a long-range 
morphogen during mesendoderm induction and left-right axis specification. In 
this chapter, the spreading mechanism of Sqt will be explored by fluorescence 
correlation spectroscopy (FCS) in early zebrafish embryos. In addition, a 
dimerization study of Sqt will be presented. Since the dimerization of Sqt is 
facilitated by an intermolecular disulfide bond, it can serve as a positive 
control to evaluate the performance of single-wavelength fluorescence cross-
correlation spectroscopy (SW-FCCS) in zebrafish embryos at early 
developmental stages. Furthermore, factors affecting the quantification of 
protein-protein interaction using this method will be discussed. 
   
3.2 Squint in vivo Diffusion 
The diffusion coefficient of EGFP-tagged Sqt was determined by FCS in 
zebrafish embryos (Fig.3.1A). In this study, 2-5 pg mRNA was injected into a 
single blastomere at the 32-cell stage as described in section 2.2. 
Measurements were done in the extracellular space at 30% epiboly stage. 
Meanwhile, the secreted EGFP (EGFP linked with a secreted signal linked) 
was used as a control. 
The image of Sqt-EGFP at high expression level (Fig.3.1C) has shown 
that, rather than accumulating on the cell membrane like Fgf and Wnt signals 
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(Solis, Lüchtenborg, and Katanaev 2013), Sqt-EGFP widely distributed in the 
extracellular space. The FCS can detect Sqt diffusion at long distances away 
from the source to the boundary regions even in embryos with very low 
expression, the fluorescence of which cannot be seen by confocal imaging.  
The autocorrelation curves of both Sqt-EGFP and sec-EGFP were fitted 
well to a 3D one-component diffusion model with one triplet state (Fig.3.1B). 
Fitting results suggested that Sqt-EGFP had a diffusion coefficient of 64 µm2/s 
(Table 3.1), which was on the same order of magnitude as sec-EGFP (~92 
µm2/s) we measured and the literature value for EGFP in buffer (~95 µm2/s) 
(Petrášek and Schwille 2008). This similarity suggested that Sqt-EGFP moved 
through the extracellular space in early zebrafish embryos by free diffusion. 
The slightly slower movement of Sqt-EGFP compared to sec-EGFP was 
expected due to its larger molecular mass. 
 
Table 3.1 Diffusion coefficients of Sqt-EGFP and sec-EGFP. 





Sqt-EGFP 64 ± 14 97 29 
sec-EGFP 92 ± 19 72 18 
EGFP in buffer* 95 - - 





Figure 3.1 Determination of Sqt-EGFP diffusion coefficient. (A) Tagging. (B) 
Normalized ACFs of Sqt-EGFP (green) and sec-EGFP (black) showing both 
experimental data (dot) and fitting (line). (C) Sqt-EGFP distribution. The 
yellow cross indicates the positions of FCS measurements. Scale bar = 20 µm. 
The inset is the image of Fgf8-EGFP taken at the same conditions.  
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3.3 Squint in vivo Dimerization 
Since Sqt proteins are assumed to be secreted as dimers, a dimerization 
study was conducted using SW-FCCS. For this purpose, the same amount of 
Sqt-EGFP and Sqt-mCherry mRNA was co-injected in to the yolk at the one-
cell stage. Measurements were done in the extracellular space at 30% epiboly. 
A pair of sec-EGFP and sec-mCherry was used as negative control, while a 
tandem sec-EGFP-mCherry was the positive control. 
 
3.3.1 Controls 
In the negative control, SW-FCCS results showed a relatively flat CCF 
indicating a lack of interaction between sec-EGFP and sec-Cherry (Fig.3.2A). 
The complex percentage was calculated as 7 ± 4% (Table 3.2). This value set 
a lower limit of which no interaction is suggested.  
Conversely, in the case of the positive control, an elevated CCF amplitude 
was observed (Fig.3.2B), and the complex percentage obtained was 54 ± 12% 
(Table 3.2) which gave the highest possible percentage under the same 
experimental conditions.  
The complex percentages we measured for both the positive and negative 
controls were similar to the values that have been reported by our group (Shi 
et al. 2009b; Ma, Ahmed, and Wohland 2011; Foo et al. 2012) and others 
(Saito et al. 2004; Baudendistel et al. 2005; Kohl, Haustein, and Schwille 
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2005; Slaughter, Schwartz, and Li 2007). However, it should be pointed out 
that the detected complex percentage in neither case gave an ideal value. For 
negative control, it was not 0%; and for positive control, it was much lower 
than 100%. The underlying reasons for these non-ideal values will be 
discussed in section 3.4. For the moment we treat the positive and negative 
controls as empirical lower and upper limits for our SW-FCCS measurements. 
 
 
Figure 3.2 SW-FCCS measurements of (A) negative and (B) positive controls.  
 
Table 3.2 The dimer percentage data. 





sec-EGFP + sec-mCherry 7 ± 4 29 13 
sec-EGFP-mCherry 54 ± 12 53 8 
Sqt-EGFP + Sqt-mCherry 19 ± 17 35 14 
 
3.3.2 Determination of Squint Dimerization 





































pg mRNA of both Sqt-EGFP and Sqt-mCherry was firstly used. Embryos 
expressing similar amount of Sqt-EGFP and Sqt-mCherry (concentration 
difference within a factor of 2) were selected.  
 
 
Figure 3.3 SW-FCCS measurement of Sqt-EGFP and Sqt-mCherry 
dimerization (A). The zebrafish embryo was co-injected with Sqt-EGFP and 
Sqt-mCherry. Confocal images of both green (B) and red (C) channels were 
shown. Scale bar = 20 µm. 
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During FCCS measurements, an elevated CCF was observed (Fig.3.3), 
indicating the formation of dimers. Since Sqt proteins are secreted as dimers, 
and this dimerization is facilitated by an intermolecular disulfide bond, a high 
dimer percentage close to the positive control (54 ± 12%) was expected. 
However, the calculated average was only 19 ± 17% (Table 3.2). This 
seemingly contradictory result was then examined by plotting the dimer 
percentage against the expression level (Fig.3.4).  
 
 






























As a result, Figure 3.4 shows that the distribution of dimer percentage was 
affected by the amount of fluorescently labeled Sqt proteins (concentration): 
higher dimer percentages were observed at high concentrations.  
The average dimer percentage was therefore calculated according to 
injection dosage. To better compare between groups, the same batch of 
embryos was injected together using 20, 50 or 100 pg mRNA. Fig.3.5A shows 
the results. Compared with the 54% complex percentage in the positive 
control, the large value of 44% at high injection dosage (100 pg) indicated a 
high degree of dimerization as expected. The lower values observed at 50 and 
20 pg dosages may be explained by the competition of endogenous protein. 
When taking the endogenous Sqt into consideration, the dimers formed by 
unlabeled and labeled Sqt proteins were recognized as single labeled 
“monomers” in FCCS measurements. Hence, an apparently lower dimer 
percentage was obtained. At high expression levels, this effect of endogenous 
Sqt would be less obvious, however, at low expression levels, its contribution 
became non-negligible. This explanation was further supported by the 
experiment in which the coinjection of labeled-Sqt with the same amount of 





Figure 3.5 Dimer percentage at different injection dosage. (A) Dimer 
percentage decreased as reducing the total amount of injected mRNA. (B) 
Adding same amount of unlabeled-Sqt mRNA reduced the dimer %. 
 











sec-EGFP + sec-mCherry 7 ± 4 29 13 




100pg 44 ± 15 21 5 
50pg 27 ± 8 14 3 
50pg+wt 12 ± 9 9 2 
50pg 16 ± 12 14 4 
 
3.3.3 Effect of Endogenous Protein 
In order to verify this effect of endogenous protein interference, embryos 
were treated with a morpholino only to knock down endogenous Sqt. The 
mRNAs of Sqt-EGFP and Sqt-mCherry were then co-injected at different 
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Meanwhile, the morpholino untreated group was measured as a comparison.  
In Figure 3.6, the dimer percentage was plotted against the total number of 
particles (green + red). The plot of morpholino untreated group showed a 
similar trend as shown in the earlier experiments (Fig.3.4). In contrast, this 
concentration dependence disappeared when knocking down the endogenous 
Sqt with morpholino. The total average dimer percentage of the morpholino 
treated group (37 ± 15%) was close to the average of measurements with 
higher number of particles (>250) in the untreated group (40 ± 15 %). This 
result confirmed that the endogenous Sqt had a non-negligible effect on the 
dimer quantification at low expression levels. 
 
 
Figure 3.6 Dimer percentage vs. total number of particles with and without 
morpholino treatment. For untreated group, 41 measurements were done in 10 
embryos. For morpholino treated group, 40 measurements were done in 20 
embryos. The dimer percentage was mean ± SD.  
 
 High (N>250): 40 ± 15 %
 Low (N<250): 21 ± 10 %

























This chapter targets the zebrafish Nodal signal, Squint. The in vivo 
diffusion and dimerization of Sqt were examined. The results will be 
discussed in this section. 
 
3.4.1 Squint in vivo diffusion 
The extracellular movement of Sqt was investigated by FCS. The diffusion 
coefficient of Sqt-EGFP (64 ± 14 µm2/s) was on the same order of magnitude 
with sec-EGFP (92 ± 19 µm/s2). This result supported a fast and free-diffusive 
spreading mechanism for Nodal morphogen transport. 
The obtained diffusion coefficient is comparable with the value of other 
diffusive morphogens measured by FCS. For example, a diffusion coefficient 
of 40-50 µm2/s was detected for Ffg8 in the extracellular space of zebrafish 
embryo at early developmental stage (Yu et al. 2009).  And, in Drosophila 
wing disc, a small, but significant, pool of rapidly moving Dpp (10-21 µm2/s) 
was detected in the extracellular space (Zhou et al. 2012).  
Like sec-EGFP, the majority of Sqt-EGFP ACF was fitted well with a one-
component model. Only in some cases, the two-component model had to be 
used, and the slower moving component consisted of a small population (< 
10%) of total Sqt-EGFP with a diffusion time equivalent to membrane 
proteins (Fig.3.7). The contribution of this slow moving component of Sqt 
could be from its binding with the membrane receptors at target cells. As 
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mentioned before, the size of our confocal volume was about 0.5 µm in x-y 
dimension and 2-3 µm in z dimension. Therefore, although all measurements 
were done in the extracellular space, it was still possible to detect membranes 
at sometime.  
 
 
Figure 3.7 FCS measurement in small extracellular space. 
 
Overall, our results supported the simplest model for morphogen transport: 
free diffusion in the extracellular space, hindered only by the viscosity of the 
extracellular fluid and the tortuosity of intercellular paths. 
In addition to FCS, the diffusion constants can be determined by several 
other biophysical methods. One of them is the fluorescence recovery after 
photobleaching (FRAP). In FRAP, the diffusion coefficient of fluorescently 
labeled molecules is obtained by fitting the intensity recovery curve after 
photobleaching (Fig.3.8). This method essentially measures the bulk 
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Figure 3.8 Fluorescence recovery after photobleaching (FRAP). In FRAP, the 
fluorescence is bleached in a region of interest by fast scanning with high 
illumination intensity. Afterwards, the recovery of the fluorescence signal due 
to movement of unbleached molecules into this region is recorded and 
analyzed for extracting mobility, binding rates and immobile molecule 
fractions.  
 
Compared with FRAP, confocal FCS, on the other hand, measures at a 
single spot and monitors the movement of single molecules through that spot. 
Therefore, FCS should have a better time resolution. However, it should be 
noted that despite its sensitivity, FCS does not follow single molecules, but 
due to its inherent data treatment by correlation functions gives statistical 
averages of diffusion coefficients.  
If it is necessary to access the distribution of diffusion coefficients for one 













option (Fig.3.9). SPT truly follows a single particle, with resolutions on the 
order of 10nm or less. It can monitor changes in diffusion coefficient over 
time and space, which would be averaged in FCS, and can give more detailed 
information about the molecular system (Leptihn et al. 2009; Pinaud et al. 
2009). Moreover, if trajectories can be followed for sufficiently long times, 
the trajectories could even give a high resolution picture of the underlying 
biological structure (if it is sufficiently static and does not change over the 
same time as the single molecule movement) without the need of high labeling 
densities as required in super-resolution techniques.  
 
 
Figure 3.9 Single particle tracking (SPT).  (A) A schematic trajectory. (B) By 
connectivity analysis between consecutive images, the squared displacements 
of the molecules < r2 > were determined for each time lag used. The time 
dependence of the < r2 > allows the classification of the type of diffusional 
behavior. 
 
The disadvantage of SPT is that it has to work at very low concentrations 
and needs very photostable fluorophores, which often excludes the use of the 












conditions are fulfilled then SPT, especially the 3D implementation, has great 
potential to yield new insights into biology.  
 
3.4.2 Squint in vivo dimerization 
Due to the challenge of in vivo quantification, the applicability of SW-
FCCS in early zebrafish embryos was tested by a Sqt dimerization study. The 
tandem sec-EGFP-mCherry and a pair of sec-EGFP and sec-mCherry were 
used as positive and negative controls.  
In the case of positive control, the complex percentage obtained was 54 ± 
12%. This value was considerably higher than the negative control but much 
lower than 100% that was expected for a tandem version. The main reason for 
this low value was that not all FPs were fluorescent. And this could be 
observed in FCS experiments as the amplitude of red ACF was always higher 
than that of green ACF, which indicated that although expressed in a tandem 
structure, less red FPs were detected (Fig.3.2B). There are several causes for 
the existence of non-fluorescent FPs, including problems with formation of the 
chromophore (maturation), dark states, and photobleaching (Foo et al. 2012). 
In the FCCS pairs, although EGFP has been thought to be one of the most 
stable and bright FPs, most red FPs suffer from poor photostability and have 
complex photodynamics. At present, mCherry is the best available choice as a 
partner for EGFP in FCCS. Still, it is far from reaching 100% fluorescence 
(Maeder et al. 2007). Apart from the non-fluorescent FPs, additional 
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explanation for the low complex percentage in positive control lies in the 
different sizes of effective volumes. In our experiments, although a single 514-
nm laser was used to avoid excitation spot overlapping issue, the effective 
volumes of green and red still differed due to their intrinsic emission 
wavelength dependence.  
The complex percentage of the negative control was 7 ± 4%. The main 
reason for this value not being 0% lay in the process of data treatment. Even if 
correlations are flat data fitting can result in small values different from 0. 
Negative amplitudes are automatically rejected as non-physical. In only about 
30% of all negative controls can we extract any physical solutions which are 
then inherently biased to small positive values. Therefore, the 7 ± 4% sets a 
limit of detection of interaction for our system which is determined by the 
noise level of the measurements. In other words, under the same experimental 
condition, any value higher than this suggests an interaction.  
Finally, Sqt dimerization was measured. The positive and negative 
controls were used as empirical limits. The elevated CCF and calculated dimer 
percentages indicated dimer formation as expected. However, at low 
expression level, the effect of endogenous Sqt was non-negligible. In such 
case, the degree of binding would be underestimated by FCCS. In addition, it 
should be noted that all measurements represented apparent dimerization 
fractions, but not absolute values as we could not yet calibrate our system for 
zebrafish work as we have insufficient information about the laser beam shape 
once inside the tissue. 
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Chapter 4  Quantification of 
Protein-Protein Interactions 




Protein-protein interactions are under extensive investigation due to their 
essential roles in most biological processes. In terms of morphogen, 
interactions between signaling components, especially ligand-receptor 
interactions, are critical for the interpretation of morphogen signals in target 
cells. Analyses of these interactions in vitro can provide quantification results 
with high precision. However, the measured data do not necessarily reflect the 
complexity of a living organism and can sometimes produce inconsistent 
results (Ries et al. 2009). Therefore, in vivo quantification becomes 
particularly important to obtain physiological relevant data.  
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The applicability of fluorescence cross-correlation spectroscopy (FCCS) to 
directly quantify protein-protein interaction in a living organism has been 
shown by previous studies (section 1.2.3) and tested in chapter 3 for early 
zebrafish embryos. Using this method, the ligand-receptor interactions of 
Nodal signaling were determined in this chapter. In zebrafish, two Nodal 
signals, Squint (Sqt) and Cyclops (Cyc), which have redundant functions in 
mesendoderm induction but different signaling activities, were studied. Both 
of these ligands transmit via the Activin receptors. In addition, these Nodal 
signals can induce their own expression as well as the expression of their 
inhibitors, Lefty. Since it is possible that the ligand-receptor complexes were 
disrupted by Lefty, interactions between Nodals and Lefty were tested. 
 
4.2 Ligand-Receptor Interaction 
In ligand-receptor interaction experiments, mCherry-labeled receptor and 
EGFP-labeled Nodal ligands were co-expressed in zebrafish embryos 
(Fig.4.1A). To be specific, 20-70 pg of ActRIIB-mCherry mRNA was injected 
into yolk at one-cell stage, and 5-20 pg of Sqt/Cyc-EGFP mRNA was injected 
into a single cell at 32-64-cell stage (Fig.4.1B). During 30% epiboly, all of the 
cells in the embryos were expressing the mCherry-labeled receptors, and a 
restricted clone of cells (source) was expressing and secreting the EGFP-
labeled Nodal ligands (Fig.4.1C). FCCS measurements were taken on the 
membrane of the second cell layer near the Sqt/Cyc-EGFP expressing source 
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where both EGFP and mCherry were expressed at a similar level. The sec-




Figure 4.1 Determination of Nodal-receptor interaction in zebrafish embryos. 
(A) Sqt/Cyc-EGFP, sec-EGFP and ActRIIB-mCherry constructs. SS means 
secreted signal peptide; ECD and TM denote extracellular and transmembrane 
domains, respectively. (B) Microinjection. (C) A representative image of 
zebrafish embryo after injection. Green: Sqt-EGFP. Red: ActRIIB-mCherry. 
Scale bar = 20 µm. 
 
Figure 4.2 shows the representative autocorrelation and cross-correlation 
curves of each interacting group. Compared with the negative control 
(Fig.4.2C), an elevated CCF amplitude with a slow decay time in the Nodal 
groups suggested ligand-receptor interactions (Fig.4.2A and B). Consistently, 
when the ACF of sec-EGFP was fitted by a one-component model, the ACF of 
Sqt/Cyc-EGFP measured on membrane could be only fitted by a two-
diffusion-component model. The fast diffusion coefficient belonged to the free 
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diffusing Nodal ligands in the extracellular space, and the slow diffusion 
coefficient was similar to the value measured for ActRIIB-mCherry on cell 
membrane indicating their association with membranes (Table 4.1). In 
contrast, sec-EGFP and ActRIIB-mCherry did not have similar diffusion 
coefficients as they were not interacting (Table 4.1). 
 
 
Figure 4.2 SW-FCCS measurements of (A) Sqt-EGFP/ActRIIB-mCherry, (B) 
Cyc-EGFP/ActRIIB-mCherry, and (C) sec-EGFP/ActRIIB-mCherry 
interactions. (D) The interaction of EGFP-labeled ligands and mCherry-
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Table 4.1 Diffusion coefficients measured from ACF and CCF. 
 DACF 
µm2/s ± SEM 
DCCF 
µm2/s ± SEM n 
Sqt-EGFP +  
ActRIIB-mCherry 
G: 44 ± 5 (fast); 1.1 ± 0.2 (slow) GR: 2.1 ± 0.3 
30 
R: 1.7 ± 0.4 RG: 2.0 ± 0.3 
Cyc-EGFP +  
ActRIIB-mCherry 
G: 20 ± 4 (fast); 0.6 ± 0.1 (slow) GR: 2.2 ± 0.4 
35 
R: 1.2 ± 0.1 RG: 2.5 ± 0.4 
sec-EGFP +  
ActRIIB-mCherry 
G: 83 ± 2  GR: 110 ± 13 
31 
R: 1.5 ± 0.1 RG: 101 ± 13 
 
Furthermore, the dissociation constant Kd was determined for each group. 
Concentrations of both bound (Cgr) and free (Cg for Nodal-EGFP and Cr for 
ActRIIB-mCherry) proteins were calculated from both ACF and CCF as 
described in section 1.2.2.2. A scattering plot of the product of Cg × Cr against 
Cgr was then generated. The Kd value determined using this method was 65 ± 7 
nM for Sqt-receptor interaction, and 124 ± 12 nM for Cyc-receptor interaction. 
Similar observations were seen in the LnKd histogram, in which the individual 





Figure 4.3 Determination of dissociation constant of (A-B) Sqt-receptor and 
(C-D) Cyc-receptor interaction using both linear fit to the scattering plot and 
Gaussian fit to the histogram. n = number of measurements (number of 
embryos). (E-F) Corresponding results for protein pair of sec-EGFP and 
ActRIIB-mCherry were shown as well. For this control pair, 97 measurements 
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 n = 35 (13)
Kd = 124 ± 12 nM 
SDln = 2
Kd = 111 nM   
sec-EGFP + ActRIIB-mCherry sec-EGFP + ActRIIB-mCherry





4.3 Ligand-Inhibitor Interaction 
In addition to ligand-receptor binding, interactions between Nodals and its 
inhibitor Lefty were tested (Fig.4.4). In this case, a total amount of 5-20 pg 
Sqt/Cyc-EGFP and Lefty2-mCherry mRNA was injected into one cell at the 
32-cell stage. SW-FCCS measurements were done in the extracellular space in 
selected zebrafish embryos with similar green and red FP-labeled protein 
expression levels (Fig.4.4D). The representative FCCS measurements and 
diffusion data are shown in Figure 4.4 and Table 4.2  
 
 
Figure 4.4 SW-FCCS measurements of (A) Sqt-EGFP/Lefty2-mCherry, (B) 
Cyc-EGFP/Lefty2-mCherry, and (C) sec-EGFP/sec-mCherry interactions. (D) 
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Table 4.2 Diffusion coefficients measured from ACF and CCF. 
 DACF  
µm2/s ± SEM  
DCCF  
µm2/s ± SEM  n 
Sqt-EGFP + Lefty2-mCherry 
G: 56 ± 1  GR: 50 ± 2 
90 
R: 63 ± 1 RG: 45 ± 2 
Cyc-EGFP + Lefty2-mCherry 
G: 51 ± 1 GR: 50 ± 2 
65 
R: 60 ± 2 RG: 46 ± 2 
sec-EGFP + sce-mCherry 
G: 78 ± 3 GR: 116 ± 22 
38 
R: 68 ± 4 RG: 114 ± 21 
 
Figure 4.5 shows the scattering plot obtained from the interaction between 
Sqt-EGFP and Lefty2-mCherry. Because Lefty is the target of Nodal signal, 
more endogenous Lefty would be induced if higher amount of Nodal mRNA 
was injected. Therefore, the plot shows a convex shape. 
 
 























Figure 4.6 Determination of dissociation constant of (A-B) Sqt-Lefty2 and (C-
D) Cyc-Lefty2 interactions using both linear fit to the scattering plot and 
Gaussian fit to the histogram. n = number of measurements (number of 
embryos). (E-F) Corresponding results for protein pair of sec-EGFP and sec-
mCherry were shown. For this control pair, 125 measurements were done in 
13 embryos. Only 38 of them can be properly fitted and gave solutions 
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Sqt-EGFP + Lefty2-mCherry Sqt-EGFP + Lefty2-mCherry
Cyc-EGFP + Lefty2-mCherry Cyc-EGFP + Lefty2-mCherry
sec-EGFP + sec-mCherry sec-EGFP + sec-mCherry
 Kd = 29 ± 1.2 nM 
 n = 90 (13) SDln = 2
Kd = 20 nM   
 
 n = 65 (11)
Kd = 50 ± 3 nM 
SDln = 2
Kd = 51 nM   
n = 38 (12)
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Therefore, in order to minimize the effect of endogenous Lefty, 
measurements with relatively lower expression levels were used to determine 
the Kd. Figure 4.6 shows all the Kd plots. For Sqt, the dissociation constant was 
29 ± 1.2 nM; and for Cyc, this value was 50 ± 3 nM. Similar results were 
obtained by Gaussian fit.  
 
4.4 Discussion 
In this chapter, the ligand-receptor interactions of two zebrafish Nodal 
ligands, Sqt and Cyc, were firstly studied. These ligands are believed to signal 
through the same heteromeric complexes of type I ActRIB (ALK4) receptor 
and type II ActRIIA and ActRIIB receptors (section 1.1.1.3). The interactions 
were therefore determined by SW-FCCS using EGFP-labeled Nodal ligands 
and mCherry-labeled ActRIIB receptor. The results suggested that the 
dissociation constants determined by this method for Sqt and Cyc were on the 
same order of magnitude but differed by a factor of two (Table 4.3). 
 
Table 4.3 Dissociation constants for ligand-receptor interactions. 
 Dissociation Constant [nM] 
Sqt-EGFP + ActRIIB-mCherry 65 ± 7 
Cyc-EGFP + ActRIIB-mCherry 124 ± 12 
 
Until now, all Kd values determined for TGF-β family members were 
obtained from in vitro assays, ranging from several pM to hundreds nM 
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(Herbert Y Lin et al. 1995; De Crescenzo et al. 2003). Particularly, the affinity 
of the soluble ActRII extracellular domain (ECD) for Activin A has been 
determined in cross-linking experiments by incubating purified ECD with 
[125I] Activin A in the presence of increasing concentrations of unlabeled 
Activin A (Donaldson et al. 1999). This analysis provided an estimate of the 
apparent Kd of 2-7 nM. Our in vivo data was comparable with this data. And 
similarly, in our experiment, only the extracellular-and-transmembrane 
domain of ActRIIB receptor was used. This kinase defective receptor can bind 
to the ligand without activating the signaling pathway. Therefore, it could 
provide a better estimate of the apparent Kd by minimizing the effect of 
endocytosis and the induction of endogenous proteins.  
In our study, the lower Kd value determined for Sqt than Cyc indicated a 
slightly higher receptor affinity of Sqt. However, since the competition of 
endogenous protein was not entirely eliminated, the difference in this Kd value 
between Sqt and Cyc could be smaller than what has been measured. 
Especially, when the expression level of Cyc-EGFP was always lower than 
Sqt-EGFP, the endogenous proteins would affect the Kd determination of Cyc 
more. Besides, the concentrations determined here were calculated by dividing 
the detected number of particles by the size of confocal volume. In the real 
case, however, because the experiments were done on the membrane, the 
ligands were only restricted to the extracellular part of the confocal volume 
and the receptors were accumulated on the cell membrane. Taken these 
considerations together, the apparent Kd measured here was overestimated. So 
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overall there seems to be no significant difference in Kd values between Sqt 
and Cyc. 
Secondly, the interactions between Nodals and Lefty were examined. Both 
Sqt and Cyc showed significant interactions with Lefty, but the affinity was 
slightly higher between Sqt and Lefty (Table 4.3). This result provided in vivo 
evidence that, rather than functioning as competitive inhibitors of Activin 
receptors, Lefty blocked the signaling pathway by directly binding to Nodal 
ligands. 
 
Table 4.4 Dissociation constants for ligand-inhibitor interactions. 
 Dissociation Constant [nM] 
Sqt-EGFP + Lefty2-mCherry 29 ± 1.2 
Cyc-EGFP + Lefty2-mCherry 50 ± 3 
 
Finally, from the technical point of view, FCCS has been proved to be a 
suitable tool for determining protein-protein interaction in living organisms 
due to its non-invasive measurements, low concentration working range, 
single-molecule sensitivity, and most importantly, its ability to provide 
quantitative result. Until now, it is the only known technique that provides 
dissociation constant information in living organisms, albeit within the limits 
discussed above. In contrast, the in vivo data from loss-of-function 
experiments or co-localization studies provides only indirect or qualitative 
information.  
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A comparable method that determines protein-protein interaction in vivo is 
fluorescence resonance energy transfer (FRET). This method has a range of 
advantages. Firstly, it allows not only the measurement of interactions but can 
as well yield information on the distance of the two interacting proteins and 
thus on structural details of the complex. Moreover, FRET can be conducted 
on widely commercially available microscopes and does not require 
customized instrumentation. And this is even partly true for single-molecule 
FRET which can be conducted on a total internal reflection fluorescence 
(TIRF) microscopy setup (Sakon and Weninger 2010). However, for 
measurements inside an embryo some customization might be advantageous. 
The disadvantage of FRET is that it is dependent on the distance and 
orientation of the donor and acceptor fluorophores. It thus can lead to false 
negative results due to unfavorable fluorophore configurations.  
Compared with FRET, FCCS requires only the concerted movement of 
two labeled particles to determine their interaction and therefore is 
independent of fluorophore distance and orientation. It provides no structural 
details of the complex, however yields additional information on 
concentration and molecular dynamics, in particular the diffusion coefficient 
of labeled particles. By measuring these parameters many secondary 
parameters, including dissociation constant, aggregation events, or transport 




Chapter 5  Nodal Gradient 
 
5.1 Introduction 
Genetic and embryological studies have revealed that distinct TGF-β 
family members have different signaling ranges (Jones, Armes, and Smith 
1996; Chen and Schier 2001). In zebrafish, the two Nodal signals, Squint (Sqt) 
and Cyclops (Cyc), which have overlapping functions during mesendoderm 
induction, also showed very different activity ranges. According to our 
collaborator, Sqt can induce more target genes and always has a longer 
activity range than Cyc when the same amount of mRNA was injected 
(Fig.5.1). Such a difference seems to be determined by the ligand prodomain, 
which is the least conserved part of the protein. For example, several 
prodomain swapping and mutation experiments have suggested that these 
domains can affect the protein stability and further change the signaling range 
(Le Good et al. 2005; Jing et al. 2006; Tian et al. 2008). 
In this chapter, the concentration gradients of EGFP-labeled Sqt, Cyc, as 
well as their inhibitor Lefty were directly observed by confocal microscopy. 
Further, mutations affecting the stability of these proteins were studied, and 
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mechanisms underlying the activity difference were discussed. In addition, 
since Nodal has been proved to be a strong candidate to be functionally 
involved in congenital LR axis patterning defects or heterotaxy (Gebbia et al. 




Figure 5.1 In situ activity assay. 5-10 pg mRNA encoding Sqt or Cyc was 
injected into one-cell at the 64-128-cell stage together with a lineage tracer 
(brown). Range of signaling was examined by in situ hybridization to detect 
ntl (blue, top panel) and gsc (blue-brown, bottom panel) expression. All in situ 
panels show the boxed area indicated in the schematic of the embryo shown in 
the left. Expression of ntl is seen in both Sqt and Cyc, whereas expression of 
gsc was detected only in Sqt. (Tian et al. 2008) 
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5.2 An Observation of Nodal Gradient 
 
Figure 5.2 Measurements of (A) Sqt-EGFP, (B) Cyc-EGFP, (C) Lefty1-EGFP, 
and (D) Lefty2-EGFP gradients. Non-injected embryos were used for 
background subtraction. The resulting data was normalized to the value closest 
to the source boundary. Error bars indicate standard error. For each group, at 
least 10 embryos were analyzed. To facilitate visualization, alternate color 
maps were chosen, and the minimum and maximum displayed values were 
adjusted globally for each image. 
 
In order to visualize Nodal and Lefty in vivo, EGFP was used to label 
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and the concentration gradients were observed using confocal microscopy. 
Figure 5.2 shows the distribution of these fusion proteins when expressed 
from a local source. In accord with the in situ studies (Tian et al. 2008), the 
gradient formed by Cyc-EGFP exhibited a short-range distribution and 
dropped steeply as the distance from the source increased (Fig.5.2B), whereas 
the gradient formed by Sqt-EGFP was shallower and reached farther 
(Fig.5.2A). In addition, the Lefty1-EGFP and Lefty2-EGFP showed the 
shallowest and long-range distribution (Fig5.2C, D).  
 
5.3 Changes in Stability of Nodal Ligands Alter the Gradient 
Further, the concentration gradients of two mutants that affect the stability 
of Nodal proteins were studied to explore the mechanisms underlying the 
difference in activity range of Sqt and Cyc (Fig.5.3). According to the 
previous study of our collaborator, it has been suggested that the Cyc 
prodomain harbors regions that regulate its expression levels and processing. 
Particularly, a lysosome-targeting region in the Cyc prodomain that 
destabilizes the precursor has been identified (Tian et al. 2008). Deleting this 
region in CycΔ2 mutant resulted in more protein being detected compared 
with Cyc, and the EGFP-labeled CycΔ2 showed a wider distribution than Cyc-
EGFP in our results (Fig.5.3). On the other hand, as the prodomain of Sqt does 
not harbor this lysosome-targeting signal, swapping this region of Cyc into Sqt 
rendered the chimeric Sqt unstable. Accordingly, our distribution study 
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showed a steeper gradient in comparison with Sqt-EGFP (Fig.5.3).  
 
 
Figure 5.3 The effect of stability on gradient. (A) Concentration gradients of 
Sqt-EGFP (green), SqtCyc2-EGFP (black), CycΔ2-EGFP (red), and Cyc-EGFP 
(blue) were measured. The resulting data was normalized to the value closest 
to the source boundary. Error bars indicate standard error. For each group, at 
least 10 embryos were analyzed. The insertion is the previous western blot 
results suggesting the mutations changed protein stability. (B) The decay 
length was obtained by fitting each gradient to a single exponential decay. 
 
Moreover, the diffusion coefficients of these proteins were also 
determined. The FCS experiments have suggested that all proteins measured 
for the gradient study had very similar diffusion coefficients as expected as 
they possess similar molecular weights. No slow moving component was 


























Sqt-EGFGP SqtCyc2-EGFP CycΔ2-EGFP Cyc-EGFP
40±4 29±3 42±5 24±2
A
B
Tian et al., 2008
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Table 5.1 Diffusion coefficient data. 





Sqt-EGFP 64 ± 14 97 29 
SqtCyc2-EGFP 61 ± 10 36 11 
CycΔ2-EGFP 67 ± 14 49 19 
Cyc-EGFP 64 ± 13 41 14 
Lefty1-EGFP 64 ± 12 42 15 
Lefty2-EGFP 66 ± 10 43 15 
sec-EGFP 92 ± 19 72 18 
 
5.4 Mutations in Human Nodal that Are Associated with 
Heterotaxy and CVM Affect the Gradient 
Nodal signaling is important for axis specification and patterning of 
vertebrate embryos. Until now, mutations in several genes encoding 
components of the Nodal signaling pathway have been implicated in the 
pathogenesis of human left–right patterning defects. Particularly, in human 
NODAL gene, three variants have been identified in patients with heterotaxy 
and/or isolated cardiovascular malformations (CVM) thought to be caused by 
abnormal heart tube looping (Mohapatra et al. 2008). The identified amino 
acid substitutions occurred in positions that are highly conserved across 





Figure 5.4 Cross-species sequence alignment of Nodal showing conservation 
of amino acid positions in which variant amino acids were identified. 
 
In zebrafish, mutations in these conserved residues were made (Fig.5.4). 
Distribution studies suggested that, compared with Cyc-EGFP, these mutants 






Figure 5.5 Measurements of (A) Cyc-EGFP, (B) CycG414R-EGFP, (C) 
CycR429C-EGFP, and (D) CycL438F-EGFP gradients. Non-injected embryos 
were used for background subtraction. The resulting data was normalized to 
the value closest to the source boundary. Error bars indicate standard error. 
For each group, at least 10 embryos were analyzed. The decay length was 
obtained by fitting each gradient to a single exponential decay. 
 
5.5 Discussion 
In this chapter, the concentration gradients of Nodal signals were directly 
observed. In accord with genetic studies, the zebrafish Nodal, Sqt, had a wider 
distribution than Cyc. In addition, the Nodal inhibitor, Lefty, showed the 
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constitute an activator and inhibitor pair as is required in a diffusion-reaction 
model, which postulates that the inhibitor has a longer and shallower 
distribution than the activator. Thus, the signaling is activated near the source 
but inhibited at a distance. 
 
 
Figure 5.6 Model of Nodal/Lefty, activator/inhibitor system. 
 
The range of Nodal signaling could be influenced by secretion, 
endocytosis, degradation, post-translational modifications, and processing of 
the ligands. In a recent study, using FRAP, differential effective diffusion 
coefficients of Sqt (~3.2 µm2/s), Cyc (~0.7 µm2/s) and Leftys (~11.1 µm2/s for 
Lefty1 and ~18.9 µm2/s for Lefty2) were identified (Müller et al. 2012). In this 
study, an area of approximately 150 µm × 150 µm size was photobleached. As 
discussed in chapter 3 (section 3.4.1), FRAP determines diffusion at large 











from several factors including generation, diffusion, binding and degradation. 
Therefore, further investigations are still needed to reveal the real mechanism 
underlying the difference in Nodal signaling range.  
In our study, however, the FCS data has shown that, in the extracellular 
space, Sqt, Cyc, as well as Lefty had very similar diffusion coefficient, and no 
slow moving population was found for each case. Moreover, our ligand-
receptor experiments have shown that the dissociation constants determined 
for Sqt and Cyc were on the same order of magnitude. These results did not 
match our gradient study. Therefore, the effect of protein stability was 
examined. In zebrafish, Cyc is always thought to be less stable than Sqt. As 
observed in our experiments, the expression level of Cyc was also much lower 
than Sqt, even at a higher injection dosage. According to the previous study 
(Tian et al. 2008), the Cyc prodomain harbors a YRHY motif, which bears 
some similarity to the consensus endosomal/lysosomal targeting sequence 
YXXΦ. Deleting this region from Cyc increased the protein stability and 
signaling ability, whereas swapping it to the Sqt prodomain reduced stability 
and signaling. Hence, the concentration gradients of these mutants were 
studied. Our results showed that changes in stability of the Nodal ligands 
altered the gradient, indicating that stability could be a major determinant of 
Nodal signaling range. Here, the stability might be affected during secretion of 
the ligands, and limiting the concentration of the secreted product thus limited 
the signaling range. 
Finally, mutations in human Nodal that lead to cardiovascular 
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malformations and situs defects were studied. Functional analyses have 
demonstrated that these mutants exhibited significant impairment of signaling 
as measured by decreased Cripto co-receptor-mediated activation of artificial 
reporters, reduced induction of Smad2 phosphorylation and impaired Smad2 
nuclear import (Mohapatra et al. 2008). Our studies suggested that these 
mutants could also alter the Nodal signaling range.  
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Chapter 6  Conclusion 
 
In this study, fluorescence techniques especially fluorescence correlation 
spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) 
were used to explore the mechanisms by which Nodal factors function in 
living zebrafish embryos.  
For this purpose, the applicability of FCS and FCCS methods was firstly 
examined by a Sqt diffusion and dimerization study. The FCS data has shown 
that most molecules investigated in this thesis had a diffusion coefficient (64 ± 
14 µm2/s) that was on the same order of magnitude as that of sec-EGFP (92 ± 
19 µm2/s). The fluorescent-tagged protein moved slightly slower than secreted 
EGFP, as was expected for larger molecules. The autocorrelation curves fitted 
well to a three-dimensional free diffusion model, but not with alternative 
models such as directional active transport only. All these results supported a 
fast and free-diffusive mechanism for Nodal morphogen spreading. The Sqt 
dimerization study agreed with the fact that Sqt proteins are secreted as 
dimers, and a high complex fraction was observed. However, a decrease in 
this complex fraction was found at low injection dosages. This phenomenon 
could be explained by the competition of endogenous Sqt. One proof is that 
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co-injection with the same amount of wild-type Sqt significantly reduced the 
complex fraction. This was further confirmed by blocking the endogenous 
protein by morpholino injection. In this case, the concentration dependence of 
the complex fraction was lost and more complexes were detected at each 
injection dosage in the morpholino treated group. The dimerization study 
showed that the protein-protein interaction can be directly quantified in the 
early development stage of zebrafish embryos, however, at low expression 
level, endogenous protein affected quantification.  
Further, using the same approach, the ligand-receptor interactions of Sqt 
and Cyc were determined. The dissociation constant Kd was determined by 
scattering plot and Kd histogram. Both methods yielded similar values. The Kd 
was determined to be around 60 nM for ActRIIB-mCherry and Sqt-EGFP, 
while the value was about 120 nM for ActRIIB-mCherry and Cyc-EGFP. In 
addition to ligand-receptor interaction, the interactions between Nodals and 
Lefty were tested. The results showed very high affinities and provided first in 
vivo evidence that Lefty can directly bind to Nodals to block signaling. 
Finally, the concentration gradients of Nodal proteins were observed in 
fish embryos by confocal microscopy. Differential ranges of Nodal signals 
were shown. The gradient was fitted by a single exponential model and the 
decay length was affected by protein stability, indicating that the stability may 
be a major factor affecting the activity range of Nodal proteins. In addition, 
human disease-related mutations in Nodal reduced the protein distribution 
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range. This finding provided a possible mechanism underlying the human 
disease. However, the ligand-receptor interactions of those mutations were not 
determined due to the difficulty of measuring interactions in vivo.  
In conclusion, taking advantages of fluorescence techniques, this research 
provided a quantitative study of Nodal protein in living organism. The in vivo 
diffusion and interactions between signaling components were studied by FCS 
and FCCS for the first time. Our results suggested that the differential ligand 
stability might be a major reason to distinguish the activity of Nodal signals in 
responding cells in developing embryos to generate diversity in cell fates. 
Those findings could greatly help to shed light on mechanisms underlying the 
Nodal signaling regulation.  
However, it should be noted that there are limitations in the methods used 
in this study. Firstly, the obtained Kd values are considered apparent values 
since factors like endogenous and non-fluorescent proteins can influence the 
concentration of the detected complexes. However, the apparent Kd values 
reflect as closely as momentarily possible to the actual binding between 
proteins in their physiological environment and were useful in comparative 
experiments. Second, since fluorescence proteins were used to genetically 
label the proteins of interest, the protein behavior could be affected by the 
labeling. However, both dimerization and in situ hybridization studies have 
suggested that the influence was negligible. No observable differences in 
protein function and activity range were found between labeled and unlabeled 
proteins. Finally, since FCS is only at its beginning for in vivo usage, new FCS 
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modalities such as SPIM-FCS (combining selective plane illumination 
microscopy with FCS) could be applied in the future. Such methods would 
greatly enhance the multiplexing capabilities of FCS and allow the 
measurements of whole areas in an organism simultaneously with greatly 
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